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A análise metabolômica visa identificar e quantificar os metabólitos 
produzidos por organismos, mostrando ser uma ferramenta útil na elucidação dos 
produtos finais de um sistema biológico. A metabolômica pode ser dividida 
basicamente em dois ramos: untargeted – destinada à procura do maior número de 
compostos em uma amostra, sem alvos específicos; ou targeted – quando se 
conhece a identidade de um metabólito (ou grupo) específico e visa seu 
monitoramento na amostra. Direcionados por estes conceitos, aqui nós propomos o 
estudo do metaboloma de uma importante planta de interesse comercial – o 
eucalipto – dividido em duas partes. A primeira parte dessa tese se destina aos 
resultados obtidos através de análises untargeted, realizadas durante o período de 
estágio na Universidade de Wageningen – Holanda, onde foi possível identificar 
possíveis biomarcadores das espécies analisadas. A segunda parte aborda análises 
targeted, que compreendem o desenvolvimento e validação de métodos analíticos 
para quantificação de metabólitos primários e secundários. Dentro desse contexto, 
foram criados métodos para determinação da razão S/G (siringil/guaiacil) em 
ligninas, análise do ácido abscísico e seus derivados, análise de amino ácidos, 
açúcares, ácidos orgânicos e compostos fenólicos. Além disso, foi empregado 
planejamento fatorial para otimização das condições de extração. De modo geral, 
nós verificamos que os compostos mais abundantes quantificados através de 
métodos targeted também foram identificados em análises untargeted, sendo 
relativamente comuns em todas as espécies estudadas. Nesse contexto, observa-se 
que a estratégia untargeted pode ser utilizada como um primeiro método de triagem, 
e uma vez que diferenças significativas sejam observadas entre as amostras, um 
método de quantificação pode ser conduzido, visando dimensionar alterações 
específicas. Essa estratégia de trabalho permite reduzir custos e tempo de análise 
em amostras desconhecidas, uma vez que somente compostos pré-identificados são 
levados em consideração. Os métodos mostraram-se adequados para quantificação 
de metabólitos em caules e folhas de eucalipto. Salientamos que os métodos 






Metabolomic analysis aims to identify and quantify the metabolites produced 
by a given organism, proving to be a useful tool in elucidating the end-products of a 
biological system. Metabolomics can be divided basically into two branches: 
untargeted – intended to search for the largest number of compounds in a sample, 
without specific targets; or targeted – when the identity of a specific metabolite (or 
group) is known and it is monitored in the sample. Directed by these concepts, herein 
we propose the study of the metabolome of an important commercial plant – 
eucalyptus – divided in two parts. The first part of this thesis presents the results 
obtained through untargeted analyses, carried out during a research internship 
period at the University of Wageningen – The Netherlands, allowing the identification 
of possible differential molecules related to the studied species. The second part 
addresses targeted analyses, which include the development and validation of 
analytical methods for quantification of primary and secondary metabolites. In this 
context, different methods were created to determine the S/G (syringyl/guaiacyl) ratio 
in lignin, analysis of abscisic acid and its derivatives, analysis of amino acids, sugars, 
organic acids and phenolic compounds. In addition, factorial design was applied to 
optimize the extraction conditions. As an overall finding, we observe that the most 
abundant compounds quantified by targeted methods were also identified by 
untargeted approach and are relatively common to all the studied species. In this 
context, we verified that untargeted metabolomics could be used as first compound 
screening method, and once significant differences were observed among samples, 
a targeted approach focussing on these specific changes may be carried out. This 
work strategy may reduce costs and time of compound evaluation in unknown 
samples, once only pre-identified compounds are further taken into account. All the 
methods developed were suitable to quantify metabolites in stems and leaves of 
eucalyptus. We emphasize that the methods developed herein are not restricted to 
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Eucalyptus is an important commercial crop and a major source of raw materials 
for several industries including cellulose pulp, paper, charcoal, timber and others. 
Furthermore, its essential oil (mixtures of mainly mono- and sesquiterpenes) is 
employed for therapeutic and medicinal applications as well as for the production of 
cosmetic and aromatherapy products (JOSHI et al., 2016; VUONG et al., 2015). A range 
of Eucalyptus species and hybrids is currently exploited and due to their remarkable 
diversity, adaptability and fast growth, they are present in more than 100 countries 
across all continents, covering more than 20 million ha. Eucalyptus is the most widely-
planted hardwood forest crop in the world, representing a global renewable resource of 
fibre and energy (MYBURG et al., 2014).  
Eucalyptus was bred for fast growth, usually managed in short rotation plantation 
(6 to 8 years) and trees accumulate more biomass in shorter periods than native 
species. This has contributed to the acceptance of its wood in the Brazilian market. 
Brazil has about 6 million ha (about 25% of the world’s total) cultivated with eucalyptus, 
which in 2012 represented a trade balance of US$ 4.7 billion and was responsible for 
sustaining over 150,000 jobs in the country (GONÇALVES et al., 2013). Despite the 
global economic crisis in 2009, pulp production grew 4.9% in Brazil, rising from 12.7 
million to 13.3 million tons, while paper production stood at 9.4 million tons. This 
outstanding production has lead Brazil to be currently ranked fourth and ninth place in 
pulp and paper production, respectively. Over the past decade, the Brazilian pulp and 
paper industry invested approximately US$12 billion in innovation, technology and 
industrial modernization (Brazilian Pulp And Paper Industry, 2014).  
Due to the world economic importance of eucalyptus, companies have adopted 
breeding strategies to monitor and improve eucalyptus species in order to obtain 
genotypes better adapted to a wider range of climate conditions, enabling the expansion 
of productive plants to marginal areas (“Sustainability Report Klabin,” 2013). In this 
context, new advances may come from the recent genome sequencing of the species 
Eucalyptus grandis by an international consortium (MYBURG et al., 2014). 
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Besides the ongoing technological advances in genetics and plant biotechnology, 
one of the main limiting factors for high productivity in the forestry sector is a suboptimal 
climate related either to seasonal fluctuations and/or to geographic location. In general, 
drought and low temperatures are two of the main stress factors limiting the 
geographical distribution and seasonal growth of various plants species, affecting both 
the quality and productivity of crops and forest plantations (FERNÁNDEZ et al., 2010). 
On the other hand, high temperatures (usually associated with drought) can also affect 
several physiological plant processes. However, the existence of several eucalyptus 
species and hybrids with different genetic background and characteristics allow 
cultivation in a wide range of climatic conditions, suggesting that eucalyptus have 
developed mechanisms to tolerate adverse conditions through physical, cellular and 
molecular strategies (KNIGHT; KNIGHT, 2001; RIVERO et al., 2001). 
Under the scenario of the global climatic changes related with the greenhouse 
gas emissions, such metabolic versatility may play a crucial role. According to the Inter-
governmental Panel on Climate Change, global temperatures have risen by 0.74°C 
during the twentieth century and it is estimated that surface temperatures across the 
globe will increase from 1.1 to 6.4°C by the year 2100 (INTERGOVERNMENTAL 
PANEL ON CLIMATE CHANGE, 2014). Such changes will impact not only the whole 
plant kingdom distribution in the globe as well as crop success, i.e., yield and product 
quality. Wood production and composition is expected to be affected by elevated levels 
of CO2 (KILPELÄINEN et al., 2003). Consequently, knowledge and understanding of the 
effect of temperature on crop growth and metabolism, and especially genotype vs. 
environment interactions, is crucial for the design of a long-term sustainable crop 
production strategy. 
In this study, we propose the use of untargeted and targeted metabolomics on 
different Eucalyptus species to assess the effects of temperature on plant growth. The 
subtropical E. grandis is a species which is widely cultivated around the world, mainly 
due to its rapid growth rate and good yield production, particularly under mild climate 
conditions (CONROY; MILHAM; BARLOW, 1992) and because of these characteristics it 
was the chosen species for genome sequencing (MYBURG et al., 2014). Eucalyptus 
dunnii seems to be adapted to chill temperatures, and although it has a relatively limited 
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natural distribution, this species is planted for its good wood quality and also for the 
production of essential oils. As this species demonstrated superior growth and survival 
under certain adverse conditions, it has attracted extra attention as a crop option for 
multiple locations (JOVANOVIC; ARNOLD; BOOTH, 2000; VON MÜHLEN et al., 2008). 
Finally, Eucalyptus pellita has good potential for delivering solid wood products due to its 
high density and hardness (SUN; WANG; LIU, 2013). It is a well-adapted species to 
warm climate conditions and is widely utilized for reforestation of humid and sub-humid 
lowland tropical regions where few other eucalyptus species can thrive. E. pellita is also 
renowned for its fast growth, adaptability and coppicing ability (DORAN; WILLIAMS; 
BROPHY, 1995).  
Apart from research on the essential oils, there are currently only few reports on 
the non-volatile metabolite composition of eucalyptus and only one related to drought 
stress (WARREN, CHARLES R.; ARANDA; CANO, 2012). In this study, the mesic 
Eucalyptus pauciflora and the semi-arid Eucalyptus dumosa were subjected to water 
stress and the polar metabolite profile obtained by GC-MS. From our knowledge, there 
are no studies that fully determine the metabolome of eucalyptus species. Experiments 
carried out with GC-MS and LC-MS combined with multivariate analysis detected only 
disease biomarkers in eucalyptus samples (HANTAO et al., 2014; HANTAO; ALEME; et 
al., 2013; HANTAO; TOLEDO; et al., 2013). 
 As workflow strategy, here we applied for the first time comprehensive untargeted 
metabolomics on two complementary mass spectrometry-based analytical platforms 
(GC-TOF MS and LC-Orbitrap FTMS) to identify potential differential molecules, as well 
as targeted analyses (UHPLC-MS/MS) to quantify possible metabolite alterations. This 
study covered a wide range of compounds (primary and secondary metabolism) and 
provided an overview of the metabolites which are most affected by temperature 
changes. Our results have helped to obtain new insights on how eucalyptus 




















Metabolites are small molecules that are chemically transformed during 
metabolism, providing a functional readout of cellular state. Unlike genes, transcripts 
and proteins, which are subject to epigenetic regulation and post-translational 
modifications, metabolites are not directly encoded in the genome, but they do serve as 
direct signatures of biochemical activity. For this reason, metabolites are directly 
correlated with phenotype, being a useful tool for characterization of biological samples 
and relating cellular molecular activity with plant phenotype (BAKER, 2011; PATTI, 
2011). 
 Due the rich and complex chemical diversity in a crude plant extract, determining 
its chemical composition is a challenging task. It is estimated that there are more than 
200,000 metabolites in the plant kingdom, however less than a quarter of the structures 
have been fully elucidated (OKSMAN-CALDENTEY; INZÉ, 2004). New advances in the 
metabolomic field, like hyphenated techniques and high-resolution mass spectrometry 
have contributed to the elucidation of these components (FORCISI et al., 2013; 
GLAUSER et al., 2013; GUILLARME et al., 2007).  
 As metabolomics is still considered as a developing research field, different 
terminologies are commonly misunderstood. In this context, we could briefly summarize 
the most common terms as follows (ERNST et al., 2014): 
 Metabolic fingerprinting – screening of all detectable analytes in a sample by high 
throughput without mandatory identification. Samples are extracted and directly injected 
without previous chromatographic separation (in case of mass spectrometer-based 
apparatus). It can also be acquired using infrared spectroscopy or nuclear magnetic 
resonance. It is usually performed as an initial step to guide a research project. Here, 
large differences between samples can be determined using multivariate analysis. 
 Metabolite profiling (untargeted metabolomics) – identification and relative 
quantification of a given number of metabolites. Samples are extracted and data are 
acquired using an analytical platform. Spectra are pre-processed using dedicated 
software being converted into metabolite IDs and then are finally transformed into a list 
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of metabolites with their peak intensity (or peak area). Annotation is usually performed 
as the last step. 
 Metabolite target analysis (targeted metabolomics) – a group (or class) of 
metabolites are selected prior to analysis and data are acquired focused only on these 
substances. Samples are extracted using an optimized protocol or specific/selective 
method and quantified by comparison with authentic standards. Calibration curves are 
built and results are expressed in terms of concentration.  
 In this section, we are going to focus on untargeted metabolomics. Studying a 
whole metabolic profile instead of only few molecules will provide a more comprehensive 
view of the complexity of the underlying biochemical process. By performing global 
metabolite profiling, also known as untargeted metabolomics, new (even unexpected) 
discoveries linking cellular pathways to biological mechanisms can be revealed, 
providing in-depth answers to biological questions. In this approach, the aim is 
measuring as many metabolites as possible and compare between samples without 
bias. Based on these untargeted results, hypotheses can be formulated, which can then 
be further investigated in a more direct / targeted manner.  
 Basically, a metabolomics workflow usually comprises 7 steps. Figure 1 
graphically represents all the steps involved in this process, starting with the biological 
question, followed by design of experiment, data collection and analysis. The workflow 
ends up with biological interpretation of the results. In case of the results trigger other 
questions (which is quite common), a new experiment can be addressed and the 
workflow is repeated. 
 Normally, the main goal of a biological study is to compare the effect of the 
treatments with a group control, or group differences from observational studies. It is 
desirable to retrieve maximum information taking into account the influence of other 
variation-inducing factors, e.g., noise and bias (HENDRIKS et al., 2011). The most 
important parameters that should be observed in this step are sample-size determination 
and sampling conditions. 
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Figure 1 – Metabolomics workflow.  
 
 Once the study design has been properly defined, the next step is data 
acquisition. The analytical platform must be chosen according to specific needs or 
sample characteristics. To date, the two main technical approaches for the generation of 
metabolomic data are nuclear magnetic resonance – NMR – and mass spectrometry – 
MS (ALONSO; MARSAL; JULIÀ, 2015). This research is focused on MS; for that reason, 
technical parameters will be discussed. 
 Basically, MS was designed to detect the mass-to-charge ratio (m/z) and 
abundance of the ions generated during sample ionization. For this task, three 
components are fundamental: ionization source, mass analyser and detector.  
Prior to electrospray ionization, the sample is introduced by direct infusion or 
GC/LC flow and delivered to the probe by a capillary, which is submitted to a high 
voltage potential, forcing ionization of neutral compounds. This process is described in 
detail in Part 2 of this thesis.  
 In untargeted metabolomics, a high-resolution mass spectrometer (HRMS) is 
usually employed to properly characterize the analysed ions. Time of flight (TOF – or its 
hybrids, QTOF) or trap-based (e.g., Orbitrap) mass spectrometers are the most 
commonly used. TOF relies on the theory that the mass of an ion is related to its flight 
velocity along the flight tube and therefore the arrival time at the detector is proportional 
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to its mass. Trap-based mass analysers are slightly different. The aim is to isolate ions 
of low abundance while they are trapped, building a population of specific ions for 
posterior MS or MSn analyses (ALLWOOD; GOODACRE, 2010). 
Liquid chromatography mass spectrometry (LC-MS) is the most suitable platform 
for untargeted metabolomics because it enables the detection of the highest number of 
metabolites and requires only minimal amounts of sample (PATTI; YANES; SIUZDAK, 
2012). However, some requirements are necessary to minimize the effect of undesirable 
variation (e.g., sample-handling and analytical-measurement variation). Instrumental drift 
and batch-to-batch effects are usually corrected using a quality control (QC) strategy 
and/or internal standards (IS). Here, pooled samples are employed to create a 
calibration model that is further used to reduce the size of analytical errors (WEHRENS 
et al., 2016). 
 Spectral processing is aimed at accurately identifying and quantifying the features 
acquired in the previous step, converting raw data into peak tables. Briefly, data pre-
processing is carried out according the following steps: (i) mass data smoothing; (ii) 
noise reduction; (iii) baseline correction; (iv) scaling of peak maximum amplitudes; (v) 
alignment among chromatograms; (vi) output of aligned data into a csv-file compatible 
with Microsoft Excel and most multivariate programs; and (vii) significant difference 
filtering at user-defined thresholds and output of selected data back to the MS software 
platforms for visualization of differential chromatographic mass peaks (DE VOS et al., 
2007). The biggest problem in this step is the occurrence of overlapping peaks, requiring 
algorithms for peak deconvolution. A mathematical model is applied on the raw signal, 
extracting peaks that were initially hidden. 
 One of the major bottlenecks in metabolomics is metabolite identification, which is 
dependent on the platform chosen during data acquisition. A similar procedure among 
all platforms is the search in libraries of spectra of reference compounds. This step can 
be automatically performed, however, a manual confirmation of the annotated 
compounds is highly desired, being a very time consuming task (HENDRIKS et al., 
2011). For GC-MS, large part of identification is conducted solely by comparisons with 
libraries, using appropriate matching criteria, which is often combined with retention time 
information. For LC-MS, the approach is slightly different; due to the large variation in 
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fragmentation patterns for different types of instruments, it is not possible to directly 
compare different spectra. 
 In metabolomics, supervised (e.g., identification of treatment differences) or 
unsupervised methods (e.g., discovery of patterns) of data analysis are usually 
performed. Typically, multi-dimensional data can be converted into low-dimensional 
representation (2D or 3D plots), allowing a visual interpretation of the most significant 
variation on data structure. This is a very common approach and it is called Principal 
Component Analysis (PCA). PCA is an exploratory analysis and is based on the 
reduction of data to a few underlying (principal) components. Unnecessary information is 
discarded as residues. Another exploratory method aimed to find group of samples is 
Hierarchical Cluster Analysis (HCA), which uses information to combine a cluster 
(agglomerative method) or split (divisive method), measuring dissimilarities between 
sets of observations. On the other hand, if the objective of data analysis is classification 
or regression, predictive models such as Partial Least Squares (PLS) or its variation as 
Discriminant Analysis (PLS-DA) may be used. New methods of DA have been combined 
with predictive models and are successfully employed in metabolomics analysis, as N-
way Partial Least Squares (N-PLS-DA) and Orthogonal Partial Least Squares (OPLS-
DA). Basically, projection methods map the data first to a lower dimensional space and 
after that define a classification boundary (ALONSO; MARSAL; JULIÀ, 2015; 
HENDRIKS et al., 2011). 
 Finally, biological interpretation is one of the most time consuming steps. 
Statistical methods may be used to transform information into biological knowledge. This 
can be assisted by Network-inference methodology. Network models are built based on 
correlations between metabolites resulting from direct and indirect interactions. 
Moreover, metabolite functions are directly related with specific pathways and once 
these pathways are determined, knowledge may be directed towards biological 
interpretation (ALONSO; MARSAL; JULIÀ, 2015). 
 Based on that, we describe herein a comprehensive untargeted metabolomics 
study to assess any detectable alterations on the metabolome of two species of 
eucalyptus caused by temperature changes (10°C, 20°C and 30°C) during growth 
conditions. The workflow described above was fully implemented in our analysis, 
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generating for the first time an overview of how eucalyptus physiologically responds by 






The main objectives of this study were to: 
ü Assess how temperature can affect the metabolism of eucalyptus species; 
ü Perform untargeted and targeted metabolomic analysis, creating for the first time 
an overview about the compounds commonly found in these species; 




1.3. Material and Methods 
 
1.3.1. Plant material and treatments 
 
Fully documented and genetically certified seeds of E. grandis, E. dunnii and E. 
pellita were purchased from a commercial supplier (Sementes Caiçara, São Paulo, 
Brazil - www.sementescaicara.com) and germinated in wet vermiculite until they 
presented their first pair of true leaves. These seedlings were transferred individually 
into cone-shaped 250 mL plastic vases filled with 50% vermiculite and 50% commercial 
organic substrate mix (Genefértil, São Paulo, Brazil) where they were grown in a 
greenhouse with 70% natural sunlight, no control of temperature (average temperature 
of 22.7°C) and watered daily by an automated irrigation system. The positions of the 
plants in the greenhouse were randomized and re-arranged weekly. After 53 days, the 
seedlings were split into three groups and transferred to three growth chambers set to 
10°C, 20°C and 30°C. Light was set to 300 µmol photons m-1s-1 and photoperiod was 8 
hours of light. The plants were kept in the growth chambers for seven days. Prior to 
harvesting, stem height was measured. We considered only three independent 
biological replicates (individual plants) for each treatment and species due the small 
biological variation, however the number of replicates were five. All the leaves of each 
plant were harvested and immediately frozen in liquid nitrogen and stored at -80oC. 
Before use, the frozen material was ground into a fine powder in mortar with liquid 
nitrogen and then freeze-dried and stored at -80°C. Leaf powder aliquots were extracted 
for pigments, GC-MS and LC-MS analyses. 
 
1.3.2. HPLC-PDA isoprenoid analysis 
 
Leaf powder samples were extracted according to the protocol described by 
Moco et al. (2007). Briefly, 25 mg were extracted with 4.5 mL of methanol/chloroform 
(5:4 v/v) + 0.1% (v/v) butylated hydroxytoluene (BHT) + 0.3 mg mL-1 Sudan 1 (internal 
standard). After sonication, 2.5 mL of 50 mmol L-1 Tris-buffer (pH = 7.5) containing 1 M 
NaCl was added to the suspension. Samples were centrifuged and the chloroform phase 
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was transferred to a fresh tube and the polar phase was re-extracted twice with 1 mL of 
chloroform + 0.1% BHT. Finally, the pooled chloroform fractions were dried by 
evaporation under a stream of N2 and then solubilized in ethyl acetate containing 0.1% 
BHT. Samples were analysed using a HPLC (Waters Alliance e2695, Milford, USA) 
coupled to a photodiode array detector (Waters 996 PDA, Milford, USA). Separation was 
performed on a reverse-phase C30 column (250 ×4.6 mm i.d., S-5 µm – YMC 
Carotenoid, Japan) kept at 35°C at a flow rate of 1.0 mL.min-1. Isoprenoids were 
identified based on comparisons of retention time and absorption spectra (400 to 700 
nm) with authentic standards. External calibration curves using the internal standard 
(Sudan 1) were built to enable quantification of identified compounds. Waters Empower 
3 software (Waters, Milford, USA) was used for raw data processing. 
 
1.3.3. LC-MS profiling 
 
Samples were extracted according to the method proposed by De Vos et al. 
(2007). Leaf samples (25 mg) were transferred to 2 mL Eppendorf safe-lock tubes and 
extracted with 1 mL methanol/water (3:1 v/v) + 0.1% (v/v) formic acid (FA). After 
vortexing (10 s) and sonication (15 min), samples were centrifuged (16,000 g) for 10 min 
and the supernatant was collected. Chromatographic separation was performed on a 
HPLC system (Waters Acquity, Milford, USA) with a C18 column (Phenomenex Luna 150 
× 2 mm i.d., 3 µm – Torrance, USA) using ultra-pure water (eluent A) and acetonitrile 
(eluent B) both acidified with 0.1% (v/v) FA at flow rate of 0.19 mL.min-1, starting with 5% 
B and increasing linearly to 75% in 45 min, followed by 15 min of equilibration (LIU, Q. et 
al., 2014). The column was kept at 40°C, and detection with both a PDA detector 
(Waters) from 210-600 nm and an LTQ-Orbitrap-FTMS hybrid mass spectrometer 
(Thermo Scientific, Bremen, Germany). A mass resolution of 60,000 was employed for 
data acquisition. Samples were analysed, firstly in negative electrospray ionization 
mode, then in positive ionization mode, both in a mass range of m/z 90-1350. 
 
1.3.4. GC-MS profiling 
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Leaf samples were extracted according to the protocol described by Carreno-
Quintero et al. (2012). Briefly, 25 mg were extracted with 1.4 mL methanol containing 
0.2 mg mL-1 ribitol as internal standard. After sonication and centrifugation, 500 µL of 
supernatant were re-extracted with 375 µL chloroform and 750 µL ultra-pure water. 
Aliquots (10 µL) of the upper (polar) phase were transferred to an insert placed in a 2 mL 
vial. All samples were dried overnight (16 h) by vacuum centrifugation at room 
temperature and the vials were closed under an argon atmosphere using magnetic 
crimp caps. Prior to analysis, the dried samples were derivatized on-line using a 
CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland) and MSTFA (N-
methyl-N-trimethylsilyltrifluoroacetamide) as derivatization agent. An alkane mixture 
(C10–C30) was added to each sample to enable the determination of the retention 
indexes (RIs) of the metabolites. The derivatized samples were analysed by a GC-TOF 
MS system comprising an Agilent 6890 gas chromatographer (Agilent Technologies, 
Santa Clara, USA) coupled to a Pegasus III TOF MS (Leco Instruments, Saint Joseph, 
USA) using a split 1:20 mode. Chromatographic separation was performed using a 
capillary column (Agilent DB-5, 30 m × 0.25 mm i.d., 0.25 µm, Santa Clara, USA) 
including a 10 m guard column, with helium as carrier gas at a constant column flow rate 
of 1 mL.min-1. The column effluent was submitted to electron ionization at 70 eV.  
 
1.3.5. Untargeted data processing and multivariate statistical analyses 
 
Unbiased mass peak picking and alignment of raw data sets from both LC-MS 
and GC-MS were carried out with MetAlign software (LOMMEN, 2009), followed by 
filtering out irreproducible peaks and replacing non-detects by a random value of 40-
60% of the local noise calculated by MetAlign (s/n ≥ 3) using an in-house script called 
MetAlign Output Transformer – METOT (HOUSHYANI et al., 2012). Mass signals that 
were present in less than three samples were discarded. The 14,090 remaining 
individual mass peaks, including molecular ions, in-source adducts and fragments and 
their natural isotopes, were subsequently clustered using MSClust software (TIKUNOV 
et al., 2012) into so-called reconstructed metabolites (centrotypes) according to their 
corresponding retention time and peak intensity pattern across samples. The resulting 
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spreadsheet with the relative intensity of each reconstructed metabolite in each sample 
was used for further statistical analyses and the putative identification of metabolites. In 
the case of metabolites detected by GC-TOF MS, the automated annotation metabolite 
list was manually filtered to remove compounds. As far as possible, alkanes added for 
retention index (RI) calculation and other compounds present as column impurities 
(siloxane artifacts) were manually removed from the metabolite list detected by GC-TOF 
MS.  
Subsequently, for multivariate statistical analysis the on-line tool MetaboAnalyst 
(XIA et al., 2015) was employed. The MSClust output was uploaded into this platform 
and the peak intensity values of reconstructed metabolites were normalized using the 
group control (20°C). To compare the metabolite profiles, the matrix output was 10log-
transformed and scaled by Pareto method (mean-centered and divided by the square 
root of standard deviation of each variable). Data was assessed using ANOVA followed 
by a post hoc Tukey test using a significance threshold α of 0.05). PCA was used as an 
unsupervised approach, making a simplified review of samples and variables based on 
the data variance and indicating any possible outliers. Projection to Latent Structure 
Discriminant Analysis (PLS-DA) was employed to find significant metabolites using a 
discriminant model built by latent variables. Heatmaps were used to verify patterns 
between replicates and treatments. 
 
1.3.6. Metabolite annotation 
 
Annotation was performed following the rules described by Sumner et al. being 
classified in four levels: identified metabolites by comparison with standards (level 1), 
putatively annotated compounds (level 2), putatively characterized compound classes 
(level 3), and unknown compounds (level 4) (SUMNER et al., 2007). 
For GC-MS, the mass spectrum of each ion cluster (reconstructed metabolite) 
was compared with an in-house Golm and NIST 2008 library for compound annotation. 
Experimental retention index and retention time were compared with a library of 
standards and RI’s for verification of automated annotations.  
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For LC-MS, selected metabolites were manually verified and annotated using an 
in-house database based on comparisons of retention time, accurate mass, isotopic 
composition and MS/MS information. On-line available metabolite databases such as 
KNApSAcK, Kegg and MassBank were also employed. 
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1.4. Results and Discussion 
 
1.4.1. Growth and chlorophyll content 
 
The effect of the seven days’ temperature treatments on plant growth was 
assessed by measuring stem height and stem weight (Figure 2). Figure 2A shows the 
stem height of the young plants at harvesting. For this parameter, no significant 
differences were observed between samples, neither between species nor between the 
temperature treatments. The weight of the complete stem, after freeze-drying, was used 
as a measure of total biomass production (Figure 2B). No significant differences (p > 
0.05) between treatments were observed for both E. dunnii and E. grandis while for E. 
pellita, despite the short treatment period, the temperature significantly affected the 
biomass production. An enhancement of biomass was observed at 30°C, in agreement 
with the fact that this specific species thrives at warm climate conditions. The weight 
determined for seedlings of E. pellita grown at 20°C e 30°C were among the highest 
values found, which might be related to the high wood density reported for this species 
(SUN; WANG; LIU, 2013). 
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Figure 2 – Boxplot of dry weight (A) and height (B) of stems, and chlorophyll content (C) 
in leaves of E. dunnii (DU), E. grandis (GR) and E. pellita (PE) after a 7d exposure to 
different regimes of growth temperature (10, 20 and 30 °C). Data are means (+/- sd) of 
five plants. Box corresponds to 95% CI. 
 
Isoprenoid compounds such as chlorophyll, tocopherols and carotenoids were 
analysed, however, for the last two compounds the temperature effect was negligible 
and not significant (data not shown). Total chlorophyll content (a + b) was measured in 
the leaf extracts and the results are shown in Figure 2C. The highest temperature 
induced increase of chlorophyll in the three species. This positive association between 
increasing temperature and chlorophyll content support previous data reported for E. 
tereticornis as well as for other (non-Eucalyptus) plant species (MANNAN et al., 1986). 
According to these authors, an increase in temperature induced changes in the 
spectroscopic properties of the pigments and such changes were characteristic of each 
species. In another study (SERRANO et al., 1989), chlorophyll levels and photosynthetic 
capacity in plants of E. globulus decreased when exposed to -5°C for two hours. Warren 
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(2008) also observed a strong positive relationship between electron transport and 
chlorophyll content in seedlings of E. regnans grown under different temperatures (10 to 
35°C). 
 
1.4.2. Untargeted metabolomic profile by LC-MS and GC-MS 
 
Untargeted metabolic profiling was chosen to determine the effect of the different 
temperature treatments on the metabolome of the three eucalyptus species. As an 
example, in Figure 3 the LC-MS profiles of the three species at the same temperature 
(control = 20°C) as acquired by Orbitrap FTMS high-resolution mass spectrometry are 
provided. A clear difference between species may be observed. Figure 4 illustrates 
metabolite changes in the LC-MS profiles of a single species (E. dunnii) grown at 
different temperatures. 
 
Figure 3 - Comparison of the chromatographic profiles of E. dunnii (A), E. grandis (B) 







Figure 4 – Comparison of the chromatographic profiles of E. dunnii under different 
regimes of temperature 10°C (A), 20°C (B) and 30°C (C) by LC-MS in negative ion 
mode. 
 
The untargeted automated processing of these raw LC-MS data sets, including 
unbiased peak picking, alignment and clustering of all mass signals detected into 
reconstructed metabolites, resulted in a spreadsheet with the relative intensities of a 
total of 625 metabolites detected by LC-MS in each of the analysed samples. With the 
specific extraction and chromatographic conditions applied, we mainly detected semi-
polar metabolites from plant secondary metabolism. Likewise, the processing of the GC-
TOF MS raw data resulted in a cleaned spreadsheet with the relative abundance of 88 
reconstructed polar metabolites, mainly from plant primary metabolism. 
 
1.4.3. Temperature and genotype effects on the eucalyptus metabolome 
 
PCA was performed to determine differences between samples, based on their 
differential metabolite profiles, and the score plots are shown in Figure 5. For the LC-MS 
data, 54.5% of the variance can be explained by the first two Principal Components. For 
GC-MS, this value is 58.2%. The close clustering of both the three biological replicates 





indicate a major effect of temperature, in PC1, while the differences between eucalyptus 
species is observed in PC2, for both LC-MS and GC-MS data, implying that the effect of 
temperature on the profiles of primary and secondary metabolites in these eucalyptus 





Figure 5 – PCA score plots of the LC-MS (A) and GC-MS (B) data. 
 
The 625 reconstructed metabolites from LC-MS and 88 from GC-MS analyses 
were concatenated and used to create Venn diagrams, to further illustrate how these 
713 detected metabolites were distributed between species and/or temperature 
treatments (Figure 6). As criteria for uniqueness, each metabolite should be present in 
all three replicates and at least in one specie and/or temperature. Most metabolites were 
common to all three species (575; 80.6%) or the three temperatures (596; 83.6%).  
These diagrams allow us to select several metabolites that are unique for each species. 
Thus, 15, 20 and 20 metabolites were selected for E.  grandis, E. pellita and E. dunnii, 
(B) 
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respectively, which can be considered as differential molecules of the individual species 
(Table S1). Supplementary Table S1 gives the characterization of these 55 metabolites 
(columns mass list and relative intensity list provide the reconstructed spectra of each 
metabolite). Thirty-two other metabolites could also be designated as being unique, for a 
specific temperature treatment, thus 9, 15 and 8 metabolites were related to 20°C, 30°C 
and 10°C treatments, respectively (Table S1). Most of these compounds could not be 
identified in the databases used in our study, since there is no metabolite database 
exclusive for eucalyptus. In both cases, all differential molecules were observed solely in 
the LC-MS dataset (except for metabolite ID 52634, found by GC-MS but not reliably 
annotated) and thus are likely to originate from the plant secondary metabolism. 
 
Figure 6 – Venn diagram representing the distribution of all 713 metabolites detected 
over species (A) and temperature treatments (B). 
 
Those molecules that appeared to be discriminatory between the different 
species (55 metabolites) and temperatures (32 metabolites) as seen in the Venn 
diagrams were selected for manual annotation based on their MS/MS and absorbance 
spectra information. At the lowest temperature (10°C) a flavone synapoylglucosyl 
derivative (C40H44O21) and a galloyl tannin (C40H30O25) were annotated (level 3). 
However, at 20°C, all the molecules are still unknown. Finally, at 30°C, a triterpene 
ursolic acid derivative (C30H48O5), was annotated.  
We subsequently used PLS-DA to select LC-MS most specific metabolites for 
either species or temperature. Figure 7 shows the scores plot used for the supervised 
model, with component 1 describing 31.5% of the variance and component 2, 4.9%. 
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Cross validation was employed using the leave-one-out method. Based on this, 
according to the guidepost (Q2) and Prediction Residual Error Sum of Squares 
(PRESS), only the first latent variable was selected to build the model, avoiding 
overfitting. Variable Importance in Projection (VIP) was chosen as criteria for selecting 
important variables of the PLS-DA model. The top 25 metabolites ranked by the model 








Figure 7 – Scores plot of PLS-DA model for Eucalyptus species at different 
temperatures (A) and Variable Importance in Projection (VIP) score (B). 
 
Two main blocks of metabolites were clearly identified in the heatmap plot:  the 
first block (first 8 rows from the top) shows a group of metabolites that have a relative 
high abundance in plants grown at the 10°C, which abundance decreased as 
temperature decreased. One of these 8 compounds could be putatively identified as 
chebulagic acid. The other metabolites are yet unknown. The metabolites of the second 
block show the opposite temperature effect, i.e., their abundance increased as 
temperature increased. Two of these metabolites could be putatively annotated as 




Figure 8 – Heatmap plot with 25 top clusters ranked by PLS-DA VIP. Metabolites are 
identified at the right side of the plot with the in-house metabolite number used for data 
processing. Eucalyptus species (DU – E. dunnii, GR – E. grandis, PE – E. pellita), and 
temperature treatments 10 – 10°C (red), 20 – 20°C (green) and 30 – 30°C (blue) are 
identified in the plot. 
 
All the identified compounds in this study by LC-MS are listed in Table 1. For 
those compounds that were non-discriminatory, the most abundant and common for all 
species were also putatively annotated as being flavonoid glycosides. Among them are 
quercetin-3-O-rhamnoside 7-O-glucoside, kaempferol 3-O-xyloside, kaempferol-3-O-
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galactoside and quercetin 3-O-glucoside. Other studies also reported the presence of 
this class of compounds in eucalyptus leaves and they were related with antiviral, 
antibacterial and antifungal activities properties (GUAN et al., 2015; OKAMURA et al., 
1993; ZHOU, Z. L. et al., 2014). 
 Other phenolic structures like ellagic acid and tannin derivatives were also 
detected in all three Eucalyptus species investigated and have been previously reported 
in other Eucalyptus species (Santos & Waterman, 2001a, 2001b, Conde et al 1997). In 
our study, the most abundant tannins were corilagin, pedunculagin, tellimagrandin I and 
gallotannin. Using dedicated accurate mass LC-MS analysis at a higher mass window 
(m/z 500-4000) we also detected double or even triple-charged ions at high abundance, 








































































































































































































































































































































































































































































































































































































































































































































From the GC-TOF MS analyses, sixteen metabolites could be annotated at level 
1, mostly from plant primary metabolism (Table 2). Other compounds automatically 
annotated by GC-TOF data process are not shown. The biochemical pathway most 
influenced by temperature was related to sugar and starch metabolism. Figure 9 shows 
variation in the levels of these compounds. The lower the temperature, the higher the 
relative level of fructose and glucose, while the opposite is true for sucrose, indicating 
that biosynthesis of sucrose is hampered at low temperatures.  
Another hexose (mannose) also increased with increasing temperature.  
 
Figure 9 – Most affected compounds of the starch and sucrose metabolism under 
different regimes of temperature. 
 









555 6.39 1054 Propanoic acid C3H6O2 74.08 1 
3093 7.60 1200 Oxalic acid C2H2O4 90.03 1 
7990 9.06 1240 Urea CH4N2O 60.06 1 
18919 12.72 1530 Aspartic acid C4H7NO4 133.11 1 
22292 13.92 1615 Glutamic acid C5H9NO4 147.13 1 
23346 14.34 1642 Xylose C5H10O5 150.13 1 
23741 14.52 1650 Arabinose C5H10O5 150.13 1 
28924 16.10 1805 Citric acid C6H8O7 190.12 1 
29556 16.47 1843 Quinic acid C7H12O6 192.17 1 
30066 16.60 1860 Sorbose C6H12O6 180.16 1 
30435 16.70 1865 Fructose C6H12O6 180.16 1 
30711 16.80 1886 Mannose C6H12O6 180.16 1 
30925 16.86 1890 Glucose C6H12O6 180.16 1 
33700 17.52 2036 Benzoic acid C7H6O2 122.12 1 
52102 23.25 2611 Sucrose C12H22O11 342.29 1 




These comprehensive metabolomic studies suggest that the three Eucalyptus 
species used, which all have known agronomic differences and climatic preferences, 
have both similarities and differences in their leaf phytochemical composition and 
respond similarly to 7 days of culture at different temperature regimes. Although for all 
three species, an increase in culture temperature resulted in an increase in chlorophyll, 
suggesting a higher photosynthesis potential, only E. pellita showed significant 
increases in biomass production at a higher temperature. Untargeted metabolomics 
allowed us to assess differences in both primary and secondary metabolism, and 
revealed a clear effect of temperature across the metabolome. This unbiased approach 
permitted the evaluation of a large number of both high and low abundance compounds 
and identified differential molecules for both species and temperature treatments. 
Phenolic compounds and sugars were among the most temperature-responsive 






















Targeted metabolomics is focused on the analysis of a group of metabolites 
related to either a specific metabolic pathway or a class of compounds. Analysis can be 
undertaken in a quantitative or semi-quantitative manner, according to individual needs. 
Sample preparation can be optimized, reducing the dominance of highly abundant 
undesired compounds. Moreover, since all analysed compounds are clearly known, 
analytical artifacts are not carried out through to downstream analysis (ROBERTS et al., 
2012). 
Capillary electrophoresis (CE), liquid chromatography (LC), and gas 
chromatography (GC) coupled to mass spectrometry (MS) were recently compared in 
order to determine which technique is the most suitable for the quantification of 
metabolites. Based on coverage, sensitivity, ease-of-use, robustness to matrix, and 
robustness in routine operation, LC was identified as the optimal platform (BUSCHER et 
al., 2009). 
The main advantages of LC-MS are its compatibility with commonly used solvents 
such as water and methanol and also the fact of high mass polar compounds can be 
analysed without derivatization reactions (COULIER et al., 2006). LC-MS can also give 
structural information such as MS/MS fragmentation patterns, or UV-Vis absorbance 
spectra when used with a photodiode array detector (PDA) (DE VOS et al., 2007). 
Continuous advances in LC techniques enabled the operation at very high 
pressures using sub-2 µm particles packed columns. This gave rise to Ultra-High-
Pressure Liquid Chromatography (UHPLC) allowing a remarkable decrease in the 
analysis time and an increase in peak capacity, sensitivity, reproducibility and 
consequently a reduced use and waste of solvents (SINGH; SINGH, 2012). The success 
of this technique is related to the small particle size employed in chromatographic 
columns. According to the Van Deemter equation, the efficiency of chromatographic 
process is proportional to particle size decrease (NOVÁKOVÁ; MATYSOVÁ; SOLICH, 
2006). Smaller particles, which have small resistance to mass transfer coefficient of the 
analyte between mobile and stationary phase, lead to an increased surface area, which 
improves compound retention and provides enhanced chromatographic separation. 
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When compared with classical HPLC, UHPLC shows a better peak resolution associated 
with an increased speed in analysis time, becoming of great importance especially on 
fields of clinical, toxicological and pharmaceutical analysis (NOVÁKOVÁ; MATYSOVÁ; 
SOLICH, 2006; WANG et al., 2011). 
Much of the success of LC is based on the method of reverse phase (RP) elution, 
which has several advantages when compared with normal phase (NP), among them 
are the use of less toxic mobile phase; stable stationary phases; rapid equilibration of 
the column after changing the mobile phase, and ease use of gradient elution with good 
reproducibility of retention times (OGISO; SUZUKI; TAGUCHI, 2008). However, it can 
present residual silanols that are undesirable in the analysis of basic solutes, resulting in 
wide peaks and tailing due the ionic-exchange interaction. The most common column 
employed in RP analysis is C18. 
On the other hand, a modern example of NP chromatography applied in UHPLC 
is hydrophilic interaction liquid chromatography (HILIC). Herein polar analytes diffuse 
into a bonded polar stationary phase (being more polar than the mobile phase). The 
gradient elution starts with a highly organic mobile phase solvent, forcing the nonpolar 
metabolites to elute rapidly, whereas the retention of polar metabolites is maximized 
(PESEK et al., 2008). Thus, HILIC is particularly appropriate for the analysis of polar 
metabolites (ALLWOOD; GOODACRE, 2010) which have exceedingly low retention 
times using C18 columns. 
The choice of the mobile phase in UHPLC analysis depends on the mode of 
elution. As discussed before, RP mode is frequently chosen and mixtures of solvents 
such as methanol/water or acetonitrile/water are commonly used to elute the samples 
(HENCHOZ et al., 2008). A low concentration of formic acid (FA) (usually 0.1% v/v) is 
also employed on the composition of eluents. FA enhances peak resolution contributing 
to the chromatographic separation. 
  When coupled with a mass spectrometer, UHPLC-MS has been successfully 
applied as a method for both metabolite fingerprinting and metabolite profiling of crude 
plant extracts (EUGSTER et al., 2011; RODRIGUEZ-ALLER et al., 2013). MS provides 
important structural information such as mass-to-charge (m/z), molecular formula, 
MS/MS fragments, which are crucial for dereplication and rapid on-line characterization 
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(WOLFENDER, 2009). In addition, MS seems to be the best approach in terms of 
selectivity, sensitivity, and peak assignment for the determination of analytes at low 
concentrations in complex matrixes. 
 Electrospray ionization (ESI) is a soft ionization technique commonly employed in 
ionization of polar and semi-polar metabolites. This method is particularly well suited due 
the wide range of applications, being able to ionize large biomolecules such as peptides 
and proteins as well as small molecules. The ionization process occurs due to a high 
voltage source that is in contact with the solution containing the analytes. This solution 
travels inside a capillary, where a positive and / or negative potential is applied, leading 
to an oxidation-reduction process in the solution. This effect allows the formation of 
some species without their counterions. Thus, the solution inside the capillary comes out 
in drop form containing positive or negative ions, which depends on the applied 
potential. As the number of charges increases in the drop, the electric field formed 
between the capillary and the counter electrode also increases, generating a 
deformation in its shape (Taylor's cone). When the charge density exceeds the surface 
tension, the drop detaches from the capillary by subdividing it. The next stage consists 
of the evaporation of the solvent through the flow of a heated gas (nitrogen) on the 
drops, allowing only the solvent-free ions to be routed into the spectrometer (CROTTI et 
al., 2006; EL-ANEED; COHEN; BANOUB, 2009). 
Atmospheric pressure chemical ionization (APCI) is also an alternative method, 
especially for the ionization of nonpolar metabolite species such as phospholipids, fatty 
acids, sterols, and certain esters, among others. A wide range of information about plant 
metabolites can be obtained with simultaneous application of ESI and APCI in both 
positive and negative ionization modes, resulting respectively in protonated or 
deprotonated molecular masses. However, this procedure results in a lot of data 
redundancy. General studies of plant metabolism can be applied with only one ionization 
source and ESI is considered the best method, once it offers a greater coverage of 
metabolites (ALLWOOD; GOODACRE, 2010). 
Without a doubt, the most employed strategy in targeted metabolomics 
experiments using LC-MS is based on Selected Reaction Monitoring (SRM). New triple-
quadrupole instruments allow rapid polarity switching, very short dwell and scan times 
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and hence offer the possibility of simultaneous monitoring of a large number of MS/MS 
transitions in a single chromatographic run (GIKA et al., 2012). With that, the need of a 
compound identification method is eliminated because only those ions that have been 
targeted are detected. It also has the benefit of high sensitivity and large dynamic range 
measurements. Figure 10 shows a typical workflow for targeted metabolomics. The 
advantages of targeted SRM analyses are significant; however, the length of analysis 
time and the possibility of missing significant biological changes must also be 
considered and are the fundamental reasons why untargeted methods are also 
implemented (EVANS et al., 2009).  
 
Figure 10 – Workflow for a LC-MS/MS SRM targeted metabolomics experiment. Figure 
retrieved from ROBERTS et al. (2012). 
 
Briefly, a metabolite precursor is ionized in an ESI source and selected in the first 
quadrupole (Q1). The second quadrupole works as a collision cell, and through collision-
induced dissociation (CID), the target ion is fragmented. Finally, the ions are analysed 
by the third quadrupole (Q3), which also acts as a mass filter, selecting a particular m/z 
of fragment ion to be introduced in the detector. The identity of the metabolite can be 
ensured due to specific precursor/products transitions. When associated with a known 
chromatographic retention time, all the target analytes have their identity confirmed. 
However, prior analysis parameters of all the compounds (specific transitions, cone 
voltage, collision energy and retention time) should be optimized (ROBERTS et al., 
2012). 
In order to be considered as a reliable targeted metabolomic study, the analytical 
method must be validated. Validation consists in the evaluation of a series of parameters 
that aim to guarantee the quality of the results obtained by the analysis, verifying the 
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selectivity, linearity, sensitivity, matrix effect, accuracy, limit of detection and 
quantification. The results obtained from these tests indicate if the method is reliable for 
the quantification of the analyte, providing unequivocal results (CASSIANO et al., 2009). 
The following steps describe how these figures of merit should be evaluated: 
 Specific selectivity – detection of the analyte of interest in the presence of other 
matrix components. It is evaluated through peak purity tests, in which it is possible to 
observe if the chromatographic peak is attributed to a single component; 
 Non-specific selectivity – also known as matrix effect. It occurs due to the 
presence of interfering substances in the sample, which may compromise the ionization 
efficiency and thus affect the detection of the analytes. It is evaluated by comparing the 
coefficient of the calibration curve by external standard with the standard addition curve. 
When the ratio of the angular coefficients is 1.0, there is absence of matrix effect for the 
analyte studied. 
 Linearity – ability of any analytical methodology to demonstrate that the results 
obtained are directly proportional to the analyte concentration in the sample, within a 
predefined range. The preferably used regression model is the least squares method, 
giving a correlation coefficient (R2) close to or equal to 1. 
 Sensitivity – ability of the method to distinguish two proximate concentrations. It is 
measured by the angular coefficient of the calibration curve.  
 Accuracy – agreement between the actual value of the analyte in the sample and 
that estimated by the analytical process. It is verified through a three-level fortification 
recovery test. 
 Precision – proximity between several measurements in the same sample. It is 
evaluated by the Relative Standard Deviation (%RSD), which is defined as the ratio 
between the standard deviation and the arithmetic mean of N number of determinations 
(N ≥ 10). It is performed to determine repeatability (intra-day precision) and intermediate 
precision (inter-day precision). 
 Limits of detection (LOD) and quantification (LOQ) – lower concentration than 
analyte can be detected and quantified, respectively. The values of LOD and LOQ can 
be calculated by the ratio between the standard deviation of the linear coefficient and the 
coefficient of the calibration curve (3:1 LOD and 10:1 LOQ). 
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Data processing in targeted metabolomics tends to be less labour intensive when 
compared to untargeted metabolomics, once the data collected is specific to compounds 
already known. Most of the vendors provide software dedicated to automatically 
integrate peak areas, allowing a visual inspection of integrated peaks. This visual 
inspection is recommended to ensure that the integration method was correctly 
employed in all the samples. As a result, a list with all the compounds and their peak 
areas is provided. 
Statistical analysis also tends to be easier than for untargeted metabolomics. 
Individual metabolite concentrations or integrated peak areas can be compared using 
Student’s t-test or ANOVA between multiple groups. Multivariate analysis such as PCA, 
HCA, PLS (among others) can also be performed. 
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Lignin is a complex phenolic polymer which plays an important role in the 
mechanical support and water permeability of plants, as well as the resistance to 
microbial degradation of plant tissues (SAITO et al., 2011). It is composed primarily of 
three monomeric units commonly denominated guaiacyl (G) derived from coniferyl 
alcohol, syringyl (S) derived from sinapyl alcohol, and p-hydroxyphenyl (H) derived from 
coumaroyl alcohol (Figure 11). These monomers are linked by ether, ester and C-C 
bonds in an irregular pattern (NUNES et al., 2010). Lignin composition varies according 
the genetic background but it is also influenced by biotic and abiotic factors (MOURA et 
al., 2010). Lignin from gymnosperms and angiosperms is different. While gymnosperms 
are composed mainly of G units, with small amounts of H units, angiosperm lignin is 
composed of G and S units, with traces of H units. In monocots, both S and G units are 
present at similar levels and the amount of H units is higher than in dicots (VANHOLME 
et al., 2010).  
                                            
1 This study was published at Analytical and Bioanalytical Chemistry (2015) 407:7221–
7227. DOI 10.1007/s00216-015-8886-9  
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Figure 11 – Products of the alkaline hydrolysis of the coumaryl (H), guaiacyl (G) and 
sinapyl (S) alcohol monomers: 4-hydroxy benzaldehyde (H’), vanillin (G’) and 
syringaldehyde (S’), respectively. Mechanism is still not fully understood. 
 
The structure of hardwood lignin is controlled by the ratio of S/G units (and to 
lesser degree H units) (SANTOS, R. B. et al., 2012) affecting the degradability of lignin 
and the cost of producing paper from wood pulp (MYBURG et al., 2014) and 
lignocellulosic ethanol, a promising source for renewable liquid fuel production (CHEN; 
DIXON, 2007). The effectiveness of pre-treatments to render cellulose in cell walls 
available for further digestion or fermentation is often hinged on the S/G ratios (YEH; 
CHANG; CHANG, 2014). Therefore fast, green (non-polluting) and dependable 
analytical methods for the determination of the S/G ratio are extremely important for the 
evaluation of any type of plant biomass intended for pulping or biofuel production, as 
well as for the selection of plant species and varieties to be used for these purposes.  
Several methods are used to determine the S/G ratio of plant biomass, each 
having its own drawbacks. Del Rio and collaborators compared NMR spectroscopy of 
whole cell wall material, pyrolysis gas chromatography mass spectrometry (Py-GC-MS), 
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as well as acetyl bromide degradation, followed by derivatization and analysis by GC-
MS for wheat straw (DEL RÍO et al., 2012). Py-GC-MS rendered quite complex 
chromatograms, where the authors then had to select which peaks to use for S/G 
quantification. 2D NMR was capable of showing more information on lignin composition 
but is obviously not a method applicable to routine analysis due to time, cost and 
complex interpretation. The results of the third (acetyl bromide) method resulted in a 
differential acetylation for G units (up to 12%) and for S units (1%). However all three 
methods indicated that straw lignin was composed of H, S and G units with 
predominance of G.  
Nunes and collaborators compared Py-GC-MS with nitrobenzene oxidation 
followed by extraction, derivatization and GC-MS analysis using Eucalyptus ssp. 
samples (NUNES et al., 2010). In this study, the S/G ratio obtained by Py-GC-MS was 
achieved by the sum of all peaks derived from S units by the sum of all peaks derived 
from G units, and the authors discussed which peaks should be chosen as markers in 
order to resemble more closely the S/G ratio obtained by NO. In that study, H units were 
not detected and were considered to be absent or in low concentration, although the 
authors acknowledge that peak integration may have been faulty due to compound co-
elution. Other methods used to break down lignin prior to analysis, which include 
nitrobenzene and permanganate oxidation (PROZIL et al., 2014),  thioacidolysis 
(EVTUGUIN et al., 2001), CuO oxidation followed by extraction, derivatization and GC 
analysis (KAISER; BENNER, 2012). All these methods use potentially toxic compounds 
or solvents and are followed by derivatization in order to allow GC analysis. 
Furthermore, none of these authors tested liquid chromatographic analysis of the 
degraded lignin (without derivatization). 
In order to avoid these complex procedures, Infrared spectroscopy has been 
applied to wood samples. Fourier transform near infrared (FT-NIR) is an indirect method 
that detects G- and S- maker bands in the spectra of wood meals and wood blocks but it 
relies on calibration models produced by the analysis of 150 to 700 samples to produce 
an adequate model for S/G ratio determination (TAKAYAMA et al., 1997). 
With the advent of electrospray ionization, polar and water soluble analytes could 
be adequately separated by liquid chromatography and detected by mass spectrometry. 
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Owen and collaborators degraded milled feedstock using a mixture of methyl isobutyl 
ketone: ethanol: water with sulphuric acid at 140 °C for 1 hour, then analysed the 
organic phase containing lignin products by reverse phase high performance liquid 
chromatography (HPLC) with both PDA and negative ion mode ESI-MS detection. The 
chromatographic separation took about 30 minutes per analysis (OWEN et al., 2012). In 
a similar line, Culhaoglu and collaborators used a greener method for the analysis of 
ferulic and p-coumaric acids using alkaline hydrolysis, followed by neutralization, 
extraction and an HPLC-MS analysis which took over 30 minutes (CULHAOGLU et al., 
2011). Our group previously described a method to build an in-house lignin oligomer 
database to identify and quantify these compounds by ultra-high performance liquid 
chromatography-mass spectrometry (UHPLC-MS) (KIYOTA; MAZZAFERA; SAWAYA, 
2012). In the method, UHPLC allows for a fast (8 minutes) chromatographic separation 
and the identification of the lignin monomers and oligomers.  
All the methods mentioned above have serious drawbacks: some use toxic 
solvents/reagents, all are laborious and time consuming, or need large amounts of 
samples to produce an adequate model. In this study, we propose a simple extraction 
protocol and an UHPLC-MS method for the determination of the S/G ratio in lignin. 
 
1.2. Material and Methods 
 
1.2.1. Alkaline hydrolysis of the S, G, H monomers and plant material 
 
Prior extraction, frozen samples of E. grandis and E. globulus were ground with a 
micro cutting mill and sieved with 1.0 mm mesh. Initially the monomers were hydrolysed 
individually and then in mixtures using 4 M NaOH. Several combinations of 
time/temperature were tested. In a first test we used the same conditions cited in 
(CULHAOGLU et al., 2011), e.g., 140°C for 1 h, but these drastic conditions resulted in 
frequent test tube ruptures, even using the material described in the reference, leading 
to sample loss. It was determined that hydrolysis during 24 h at 95°C using a dry block 
rendered the same results, without samples loss. The dried and milled plant samples 
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were weighed (0.100 g) and hydrolyzed in 2 mL of 4 M NaOH at 95°C for 24 hours in 
sealed test tubes. 
 
1.2.2. Extraction of the hydrolysis products 
 
After hydrolysis, the tubes were allowed to cool, acidified with approximately 1.6 
mL of 6 M HCl and shaken to ensure adequate mixing and neutralization. The tubes 
were centrifuged at 13,000 rpm for 5 min, and an aliquot of 500 µL of the supernatant 
was transferred to a 2 mL microtube, and extracted twice with 1.0 mL ethyl acetate. The 
organic phases were pooled and dried under a stream of N2. Finally, 1.0 mL of Milli-Q 
purified water was added to each tube to dissolve the hydrolysed products and the 
solution was directly analysed by UHPLC-MS. 
 
1.2.3. UHPLC-MS analysis 
 
A Waters Acquity UHPLC-TQD equipment was used (Waters Corp., Manchester, 
UK) with an Acquity C8 (50 mm × 2.1 mm; 1.7 µm) column, at a temperature of 30oC and 
5.0 µL injection volume. The solvents used were (A) Milli-Q purified water and (B) 
acetonitrile. The gradient started with 90% A and 10% B held until 4.5 min, then ramping 
to 100% B in 8,0 min., held until 9.0 min, and returning to the initial conditions for re-
equilibration until 10 min. Mass spectra were acquired by ESI ionization in the negative 
ion mode, SIR of m/z 121, 151 and 181, capillary voltage of 3.0 kV and cone of 52, 26 
and 30 V for the ions above, respectively; source temperature of 150°C and desolvation 
temperature of 350°C. The analytical method was validated in terms of specificity, 
linearity, range, accuracy, precision, LOD and LOQ. 
 
1.3. Results and Discussion 
 
In order to establish a reliable, fast and direct method to determine S/G ratio we 
have adopted an environmentally friendly hydrolysis procedure (NaOH hydrolysis) 
followed by HCl neutralization and extraction of lignin products using ethyl-acetate. 
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Organic phase was evaporated; the solid material was dissolved in pure water and 
directly analysed by negative ion mode UHPLC-MS, without derivatization. Because only 
one characteristic product was formed by the hydrolysis of each monomer (Figure 11), 
the S/G ratio was directly determined by comparison to an external calibration curve 
based on commercial standards. The hydrolysis, extraction and chromatographic 
methods were fully validated and then applied to eucalyptus samples, which we describe 
below. 
Initial evaluations of the hydrolysis of standards showed that for each monolignol 
(H, G and S) only one hydrolysis product is formed, always 28 Da less than its 
precursor. These products were identified by FT-ICR MS as 4-hydroxy benzaldehyde 
(H’), vanillin (G’) and syringaldehyde (S’) respectively, then confirmed by comparison of 
their retention times and MS/MS spectra with pure standards (Sigma-Aldrich). This result 
is in accordance with a previous study analysing the monolignols by direct ionization 
(without previous hydrolysis of lignin, possibly ionizing the soluble monomers and 
oligomers as well) that indicated m/z 151 (C8H7O3) as one of the ions formed by the 
TOF-SIMS analysis of the G monomer and m/z 181 (C9H9O4) of the S monomer (SAITO 
et al., 2011). Lima and collaborators also identified vanillin (G’) as one of the main 
products of the nitrobenzene oxidation of G and syringaldehyde (S’) as a product of S 
(LIMA et al., 2008). In a recent study, sugarcane bagasse was pre-treated with dilute 
NaOH solution and the ions of m/z 121, 151 and 181 considered indicative of the 
monolignols in a TOF-SIMS surface analysis of the material (MOU; HEIKKILA; FARDIM, 
2014). However this result was used only qualitatively and the authors did not determine 
the S/G ratio of the samples. 
Different from other methods, the procedure proposed herein does not have the 
inconvenience of forming various products from the same alcohol precursor, indicating 
that these products may be considered as markers of monolignols for qualitative and 
quantitative purposes. Furthermore, it is sensitive enough to detect low quantities of H 
monomers in lignin, which may have been previously overlooked.  
After the identification of the hydrolysis products, the yield was calculated based 
on a mixture of the three monolignol standards (H, S and G) in a wide range of 
concentration (5 to 200 µg.mL-1) and quantified by comparison of UHPLC-MS analysis of 
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the standards and their products. The yield of the hydrolysis reaction ranged from 89.94 
to 95.69%. We confirmed that, even at much higher concentrations than usually found in 
plant material, hydrolysis would be efficient. Furthermore, hydrolysis temperatures 
between 90 and 180°C and hydrolysis periods between 30 min and 2 days were tested, 
and we found that the safest and most reproducible results were obtained at 95°C for 24 
h using a heating dry-block. Tests using microwave ovens and ovens were carried out, 
but in both cases test tube ruptures and sample drying was frequent. 
Several solvents, which are not water miscible, were tested for the extraction of 
the lignin products from the aqueous reaction media: chloroform, dichloromethane, ethyl 
acetate and hexane. The best results were obtained with two extractions with ethyl 
acetate, which is also in accordance with previous studies (CULHAOGLU et al., 2011; 
KIYOTA; MAZZAFERA; SAWAYA, 2012). The percentage of recuperation varied from 
77.12 to 91.63%, as tested with hydrolysed samples spiked with known concentrations 
of the products (1.0 to 50.0 µg.mL-1). 
Diverse columns (amide, C8 and C18) and solvents (neutral purified Milli-Q water, 
or admixed with formic acid or ammonium hydroxide; methanol and acetonitrile) were 
tested in order to develop the chromatographic method. Flow rate and column 
temperature were also optimized. The best peak separation and peak symmetry 
determined the choice of the method. As the SIR mode of acquisition was used to 
minimize the interference of the complex plant matrix, the cone potential was 
individualized for each product using the MassLynx software. This mode of acquisition 






Figure 12 – Comparison between the standards and samples chromatogram for H'(A), 
G' (B) and S’(C), with respective fragmentation patterns of the identified compounds. 
 
Linearity for each calibration curve was evaluated for concentrations between 
0.01 and 50 µg.mL-1, and the correlation coefficients (R2) were 0.9989 for H’, 0.9972 for 
G’ and 0.9980 for S’. Residual plots did not show any anomalous behaviour across 
samples. Comparable linearity was obtained for calibration curves built in water or 
added to the hydrolysed, neutralized plant matrix, with variation between 3.3 and 5.9% 
for the three monomers. As no certified plant material is commercially available, method 
precision and reproducibility was determined based on the %RSD variation between 
analyses, which remained between 2 and 4.38%. Limits of Detection (LOD) and 
Quantification (LOQ) were determined for each of the products (Table 3).  
 
Table 3 – Limit of detection (LOD) and quantification (LOQ) of analytes. 
Compound LOD (µg.g-1) LOQ (µg.g-1) 
H’ 0.01 0.05 
G’ 0.12 0.40 
S’ 0.19 0.64 
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After the complete validation of the hydrolysis, extraction and analysis, the 
method was applied to samples of Eucalyptus grandis, E. globulus and E. pellita. Based 
on the quantified H’, G’ and S’ products (Table 4), the S/G ratio of the samples was 
determined to be 3.49 for E. grandis; 4.50 for E. globulus and 1.84 for E. pellita, which is 
in line with previous reports indicating that E. globulus has higher S/G ratio than other 
Eucalyptus species (DEL RÍO et al., 2005; RENCORET et al., 2008). 
 
Table 4 – Quantification of H', G' and S' in samples of Eucalyptus. 
Compound E. grandis (µg.g-1) E. globulus (µg.g-1) E. pellita (µg.g-1) 
H’ 12.44 ± 0.02 6.08 ± 0.03 17.10 ± 0.02 
G’ 77.78 ± 0.08 104.23 ± 0.09 268.40 ± 0.04 
S’ 271.52 ± 0.05 468.84 ± 0.08 494.56 ± 0.07 
 
  A comparison of five Eucalyptus species (E. globulus, E. nitens, E. maidenii, E. 
grandis, E. dunnii) using Py-GC-MS, 2D-NMR and thioacidolysis showed a highest S/G 
ratio for the former species, and the values varied from 1.6 (E. grandis) to 2.9 (E. 
globulus), but variation was observed depending on the method used (RENCORET et 
al., 2008). However, in a previous work by the same group, the same species were 
evaluated using Py-GC-MS and the S/G ratios presented were 4.1, 3.9, 3.9, 2.7 and 3.1 
for E. globulus, E. nitens, E. maidenii, E. grandis, and E. dunnii, respectively 
(RENCORET; GUTIERREZ; DEL RIO, 2007). Thus, it seems that although there is a 
variation of the S/G ratio values according the used methods, there is a good agreement 
between the plants that present lower and higher S/G ratios. It is important to stress that 
the method we propose is sensitive enough to determine a much lower amount of H 




The method proposed herein requires simple laboratory material for lignin 
hydrolysis, is more environmentally friendly than other methods, requires no 
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derivatization procedures, and uses a direct UHPLC-MS analysis of the unique 
hydrolysis products of each monomer for the determination of the S/G ratio. Therefore, 
we believe it is an advance over presently used methods and will be highly beneficial for 
the laboratories that carry out these analyses.  
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 Carbohydrate production in plants is very complex. Glucose, fructose, sucrose 
and starch are formed in plants as a result of photosynthetic activity, and they can be 
isomerized and polymerized to complex carbohydrates by enzymes action very easily. 
As a reverse process, these complex carbohydrates can be broken down to 
monosaccharides, also by enzymatic reactions (HASSID, 1967). 
 It is well known that carbohydrates produced by photosynthesis are essential as 
vital sources of energy and carbon skeletons for organic compounds and storage 
components. They can also act as signalling molecules, acting on growth, development, 
and responses to environmental changes and stress. Sugars could, therefore, be 
considered as key components of an integrated cellular redox network (TROUVELOT et 
al., 2014). 
 Mono- and disaccharides such as glucose, sucrose or trehalose are the smallest 
carbohydrates, and are usually referred to only as sugars. Other species such as oligo- 
and polysaccharides are considered complex carbohydrates and are formed by chains 
of sugar residues interconnected by glycosidic linkages (TROUVELOT et al., 2014). 
Carbohydrate analysis has been puzzling scientists’ minds due its complexity in 
terms of extraction, chromatographic separation and detection. There are different 
techniques that aim to quantify sugars levels, such as TLC, GC-MS and LC-MS. 
However, some of the challenges are related to isomer separation or resolution, anomer 
mutarotation of reducing sugars, salt interferents, limited ionization under acidic/neutral 
mobile phase conditions, chromatographic peak tailing, poor recovery and long analysis 
time (LICEA-PEREZ et al., 2016). 
When using GC-MS, chemical derivatization using sialylation is necessary, which 
may generate multiple peaks upon chromatographic separation. LC-MS seems to be a 
better method since samples can be directly analysed without prior derivatization. The 
biggest issue is related to chromatographic separation. Reversed phase columns (such 
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as C18) are not able to retain these compounds, so the use of ion pairing reagents is 
required, resulting in low sensitivity due ion suppression.  
As an alternative, new analytical columns with innovative stationary phases for 
Hydrophilic Interaction Liquid Chromatography (HILIC) have been successfully 
employed to retain extremely polar compounds. Based on that, we propose a direct 
method for quantification of sugars in eucalyptus samples using UHPLC-MS/MS. 
 
2.2. Material and Methods 
 
2.2.1. Plant material and extraction conditions 
 
Freeze-dried leaves and stems (20 mg) of two species of eucalyptus (E. grandis 
and E. globulus) were placed in plastic tubes and extracted with 1.5 mL of methanol, for 
15 minutes in an ultrasound bath. Samples were centrifuged for 10 minutes (at 13000 g) 
and the supernatant was carefully collected and placed in glass vials for further analysis 
(optimization of extraction conditions is described in Chapter 7). 
 
2.2.2. UHPLC-MS/MS analysis 
 
Initially, ionization conditions for each compound were manually optimized using 
direct insertion into a TQD mass spectrometer (Micromass Waters Ltd., Manchester, 
UK), equipped with an ESI ionization source operating in negative ion mode. Table 5 
shows optimized ionization conditions for all the compounds analysed. All data were 
processed by Intellistart software (version 4.1). 
 







Cone energy (V) 
Rhamnose 2.52 
163 > 59* 14 
20 
163 > 103 8 








Cone energy (V) 
179 > 71 16 
Mannitol 4.11 
181 > 59 18 
24 
181 > 89* 14 
Glucose 4.26 
179 > 89* 10 
14 
179 > 113 6 
Mannose 4.31 
179 > 71 16 
12 
179 > 119* 8 
Fructose 4.27 
179 > 119* 8 
14 
179 > 161 2 
Maltose 5.73 
341 > 161* 8 
36 
341 > 89 12 
Sucrose 5.73 
341 > 89* 24 
32 
341 > 179 12 
Raffinose 7.84 
503 > 179* 24 
36 
503 > 221 34 
* Transitions used for quantification. 
 
Chromatographic analysis was carried out using a UHPLC Acquity (Waters, 
Milford, USA) coupled with a TQD mass spectrometer. A Waters Acquity HILIC column 
Amide (50 mm × 2.1 mm i.d., 1.7 µm) equipped with a VanGuard pre-column HILIC 
Amide (5 mm × 2.1 mm i.d., 1.7 µm) was used , both kept at 60ºC and full loop precision 
(10.0 µL) of injection volume. Water:acetonitrile (95:5 v/v) with 0.1% (v/v) of NH4OH (A) 
and acetonitrile:water (95:5 v/v) with 0.1% (v/v) of NH4OH (B) were used as solvents. 
The gradient started with 85% B held on this condition until 0.5 min, ramping to 55% B in 
8 min, then decreasing to 50% B in 10 min and returning to the initial conditions for re-
equilibration until 13 min, at constant flow rate of 0.11 mL min-1. Source and desolvation 
temperature were set to 150°C and 350°C, respectively. Data were acquired using 
Selected Reaction Monitoring (SRM). In total, nine compounds were monitored: 




2.3. Results and discussion 
 
2.3.1. Development and validation of the quantification method for sugars 
 
Different types of analytical columns were initially employed in this study in order 
to achieve chromatographic resolution prior to detection. Reversed phase columns (C8 
and C18) did not separate the compounds properly, once the sugars were not retained 
by the stationary phase, co-eluting in the first minute. In other types of columns, sugars 
can undergo mutarotation that produces the undesired separation of the α and β ring 
forms (anomers), resulting in split peaks. This can be avoided using high pH (> 10) and 
elevated temperatures. For this reason, we have chosen a basic mobile phase (0.1% 
NH4OH) in both solvents and the column was kept at 60°C. As a strategy to overcome 
splitting peaks, we also used a slow flow rate (0.11 mL.min-1) to facilitate anomer 
collapse. Based on several tests, the most suitable column for carbohydrate analysis 
found was a HILIC with treated of particle (ethylene-bridged hybrid) and special ligands 
(amide groups). This column was specially developed for carbohydrate analysis, once it 
allows a wide range mobile phase pH values (2-11) even at elevated temperatures (up 
to 90°C). Figure 13 shows the total ion chromatograms (TIC) for each analysed 
compound. Two transitions were used for each compound; the most intense product ion 
was chosen for quantification and the second one as confirmation of uniqueness. 
Negative ion mode was chosen because the signal-to-noise ratio was up to four times 
higher than in the positive ion mode.  
Quantification was performed based on comparisons of retention time and two 
transitions. Calibration curves were built (50 to 2000 ng.mL-1) and satisfactory correlation 
coefficients were achieved (R2 > 0.95) in the concentration range studied, using linear 
regression at 95% confidence level. Results of linearity, reproducibility (%RSD), 




Figure 13 – Total ion chromatograms for sugars. 
 
The method showed satisfactory precision with variation below 21.98% for runs 
(n=10) on the same day and lower than 19.81% for runs (n=10) after 5 days. For all the 
compounds, we achieved accuracy higher than 70.04% on a standard-addition test, 
spiking a real sample with known amount of standards. LOD and LOQ were calculated 
based on a signal-to-noise ratio of 3:1 and 10:1, respectively, giving values lower than 
















































































(ng.g-1) Intra-day Inter-day 
Rhamnose 0.9533 15.88 18.08 71.46 4.27 17.8 
Galactose 0.9690 16.45 17.32 75.22 6.03 20.7 
Mannitol 0.9989 21.98 16.25 85.97 2.92 8.45 
Glucose 0.9722 10.77 19.81 79.37 10.2 27.9 
Mannose 0.9813 13.87 17.03 73.15 14.5 26.1 
Fructose 0.9688 19.49 18.11 70.04 12.9 28.9 
Maltose 0.9976 14.02 16.56 87.18 6.36 13.6 
Sucrose 0.9954 16.34 17.63 75.70 5.98 14.1 
Raffinose 0.9982 15.05 16.80 81.42 9.10 27.7 
 
 
2.3.2. Quantification of sugars in leaves and stems of eucalyptus 
 
Once the method was validated in terms of the parameters described above, we 
used leaves and stems of two species of eucalyptus (E. globulus and E. grandis) to 




Figure 14 – Quantification of sugars in leaves and stems of two species of eucalyptus. 
The values represent the mean (n=3) ± standard deviation. 
 
 In total, six sugars were quantified in eucalyptus samples. Other compounds were 
present below the limit of quantification or were not detected. The most abundant sugars 
present in all the samples were maltose and sucrose. High levels of these compounds 
were found in stems of E. globulus. Clearly the dissacharides (maltose and sucrose) 




 Extraction conditions were optimized for leaves and stems of two species of 
eucalyptus. The best extraction condition was obtained using 100% of methanol. The 
method was developed and validated using HILIC-amide column, avoiding the use of 
ion-paring or derivatization agents. For all these compounds, we did not observe splitting 
peaks of the anomers, indicating the conditions were well suited for quantification of 
sugars in plant material. This method can easily be adapted for other species of plants. 
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 Amino acids (AAs) are traditionally known as the building blocks for proteins; 
however, they have several other important functions in plant metabolism. We could 
highlight physiological processes such as plant growth and development, intracellular pH 
control, generation of metabolic energy or redox power, and resistance to both abiotic 
and biotic stress. Moreover, AAs play pivotal roles during signalling processes as well in 
plant stress response (HILDEBRANDT et al., 2015). 
 It is known that plants subjected to stress conditions show accumulation of proline 
and other amino acids. Proline is specially related to drought stress and this 
characteristic is observed in many crop plants (RAI, 2002). Additionally, proline acts as 
an excellent osmolyte, metal chelator and antioxidative defence molecule (HAYAT et al., 
2012). 
 Therefore, plant physiology investigations involving stress-induced regulation of 
AAs levels require powerful analytical methods. Most of the methods developed so far 
are based on pre-column derivatization, and they have the drawback of requiring 
laborious manual derivatization. LC-MS and Reversed-phase columns have also been 
employed in AAs method development, but very polar low molecular mass compounds 
are not sufficiently retained and additional alternatives are required (NIMBALKAR et al., 
2012). Ion pairing was raised as an option; however, it could also lead to difficulties such 
as ion suppression, memory effects and contamination of the MS source (THIELE et al., 
2012). 
 Other commonly employed options are the commercial kits, generally aimed to 
speed up the sample preparation. They allow a rapid purification and derivatization of 
free AAs (DZIAGWA-BECKER et al., 2015). The only problem related to this procedure 
is the high cost associated with the analysis, using these commercial kits. 
 In this context, we propose herein a protocol for extraction and quantification of 
free amino acids in leaves and stems of two species of eucalyptus (E. globulus and E. 
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grandis), using hydrophilic interaction liquid chromatography (HILIC) and tandem mass 
spectrometry, without derivatization agents or commercial kits. 
 
3.2. Material and Methods 
 
3.2.1. Plant material and extraction conditions 
 
Freeze-dried leaves and stems (20 mg) of two species of eucalyptus (E. grandis 
and E. globulus) were placed in plastic tubes and extracted with 1.5 mL of water, for 15 
minutes in an ultrasonic bath. Samples were centrifuged for 10 minutes (at 13000 × g) 
and supernatant was carefully collected and placed in glass vials for further analysis 
(optimization of extraction conditions is described in Chapter 7). 
 
3.2.2. UHPLC-MS/MS analysis 
 
 Initially, ionization conditions for each compound were manually optimized using 
direct insertion into a TQD mass spectrometer (Micromass Waters Ltd., Manchester, 
UK), equipped with an ESI ionization source operating in both positive and negative ion 
mode. Table 7 shows optimized ionization conditions for all the compounds analysed. All 
data were processed by Intellistart software (version 4.1). 
 







Cone energy (V) 
Urea 2.52 61 > 61* 0 20 
Glycine 4.03 76 > 76* 0 30 
Citrulline 3.97 
176 > 70 28 
20 
176 > 113* 16 
Glutamic acid 3.89 
148 > 84 18 
22 








Cone energy (V) 
Threonine 3.70 
120 > 56* 14 
24 
120 > 74 12 
Asparagine 3.72 
131 > 42 20 
22 
131 > 70* 16 
Serine 3.70 104 > 74* 10 24 
Aspartic acid 4.08 
134 > 74 14 
22 
134 > 88* 10 
Glutamine 3.79 
147 > 41 28 
20 
147 > 84* 16 
Proline 3.68 116 > 70* 15 22 
Valine 3.91 
118 > 55* 18 
24 
118 > 72 10 
Methionine 3.70 
150 > 61 24 
24 
150 > 104* 10 
Isoleucine 3.92 
132 > 86* 10 
22 
132 > 69 18 
Leucine 3.92 
132 > 86* 22 
16 
132 > 44 16 
Phenylalanine 3.69 
166 > 103 24 
14 
166 > 120* 10 
Tryptophan 3.75 
205 > 118 28 
28 
205 > 146* 20 
GABA 4.95 
104 > 46 12 
18 
104 > 69* 16 
Histidine 6.05 
156 > 93 26 
28 
156 > 110* 16 
Ornithine 6.24 133 > 70* 20 86 
Arginine 6.36 
175 > 70 24 
26 








Cone energy (V) 
Lysine 6.46 
147 > 67 26 
30 
147 > 84* 18 
Agmatine 8.12 
131 > 60 12 
100 
131 > 72* 14 
* Transitions used for quantification. 
 
Chromatographic analysis was carried out using a UHPLC Acquity (Waters, 
Milford, USA) coupled with a TQD mass spectrometer. A Waters Acquity HILIC BEH 
column was employed (100 mm × 2.1 mm i.d., 1.7 µm), kept at 50ºC and full loop 
precision (10.0 µL) of injection volume. Water with 0.1% (v/v) of FA (A) and acetonitrile 
(B) were used as solvents. The gradient started with 90% B held on this condition until 
0.4 min, ramping to 60% B in 3 min and changing to 45% B in 6 min, then decreasing to 
10% B in 7 min and returning to the initial conditions for re-equilibration until 10 min, at 
constant flow rate of 0.2 mL.min-1. Source and desolvation temperature were set to 
150°C and 350°C, respectively. Data were acquired using Selected Reaction Monitoring 
(SRM). In total, 22 compounds were monitored: urea, glycine, citrulline, glutamic acid, 
threonine, asparagine, serine, aspartic acid, glutamine, proline, valine, methionine, 
isoleucine, leucine, phenylalanine, tryptophan, GABA, histidine, ornithine, arginine, 
lysine and agmatine. 
 
3.3. Results and Discussion 
 
3.3.1. Development and validation of AAs quantification method 
 
All AAs were analysed in the positive ion mode, with exception of asparagine and 
serine. For these two compounds, better ionization was achieved using ESI in negative 
ion mode. Quantification was performed based on comparisons of retention time and 
two transitions. However, for some compounds of low molecular mass (urea, glycine, 
serine, proline and ornithine), it was only possible to find only one stable transition. 
Special attention was given to avoid non-specific transitions, in order not to report false 
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positives. In the case of isomeric AAs (leucine and isoleucine; lysine and glutamine), 
specific characteristic transitions and ion-ratios were evaluated in order to ensure 
specificity for these compounds. Peaks that were not fully resolved were separated by 
specific transitions. We should highlight that the method described herein does not need 
any derivatization step or ion-paring agents, resulting in a fast (10 min) chromatographic 
method. Figure 15 shows the TIC for AAs quantification method. 
Calibration curves were built (5 to 500 ng.mL-1) and satisfactory correlation 
coefficients were achieved (R2 > 0.95) in the concentration range studied, using linear 
regression at 95% confidence level. Results of linearity, reproducibility (%RSD), 













Figure 15 – Total ion chromatograms for AAs. 
 
The method showed satisfactory precision with variation lower than 25.94% for 
runs on the same day and lower than 27.52% for runs (n=10) after 5 days. For all the 
compounds, we achieved accuracy higher than 69.21% on a standard-addition test, 
spiking a real sample with known amount of standards. LOD and LOQ were calculated 
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based on a signal-to-noise ratio of 3:1 and 10:1, respectively, giving values lower than 
14.8 and 29.4 ng.g-1, respectively, in fresh weight of plant material. Table 8 shows the 
parameters assessed during method validation. 
 









(ng.g-1) Intra-day Inter-day 
Urea 0.9914 4.42 4.20 73.23 4.18 27.6 
Glycine 0.9827 9.25 27.49 82.16 5.88 20.8 
Citrulline 0.9943 13.16 27.52 71.74 10.8 25.8 
Glutamic acid 0.9931 4.28 8.90 70.37 10.4 16.1 
Threonine 0.9520 5.20 11.82 78.46 7.24 25.9 
Asparagine 0.9673 21.89 22.72 78.65 14.6 27.7 
Serine 0.9716 3.62 19.80 69.21 11.7 26.4 
Aspartic acid 0.9972 12.41 9.31 70.77 14.4 22.5 
Glutamine 0.9925 25.94 21.55 79.59 5.99 18.3 
Proline 0.9788 16.58 17.98 85.74 9.94 19.5 
Valine 0.9583 9.67 5.98 75.74 7.72 16.8 
Methionine 0.9751 21.81 5.62 74.82 4.33 25.0 










(ng.g-1) Intra-day Inter-day 
Leucine 0.9823 14.2 15.9 82.44 11.9 15.6 
Phenylalanine 0.9753 8.59 6.46 68.40 11.6 18.0 
Tryptophan 0.9572 4.67 20.0 85.24 7.25 24.9 
Gaba 0.9942 21.54 27.13 73.93 3.82 24.8 
Histidine 0.9537 24.77 25.73 75.41 11.4 23.7 
Ornithine 0.9819 3.59 18.78 82.76 14.8 21.5 
Arginine 0.9828 24.23 14.48 80.41 13.7 29.4 
Lysine 0.9939 15.18 15.4 93.25 5.31 26.3 
Agmatine 0.9875 16.11 8.4 80.89 10.9 17.2 
 
3.3.2. Quantification of free AAs in eucalyptus 
 
Once the method was validated in terms of the parameters described above, we 
used leaves and stems of two species of eucalyptus (E. globulus and E. grandis) to 




Figure 16 – Quantification of free amino acids in leaves and stems of two species of 
eucalyptus. The values represent the mean (n=3), ± standard deviation. 
 
 Nine compounds were quantified in eucalyptus samples. Other compounds were 
present below the limit of quantification or were not detected. The most abundant amino 
acid present in all the samples was glutamic acid. This compound is directly involved in 
the assimilation of ammonia and is transferred to all other amino acids. In addition, its 





 Here we propose a direct method of quantification of free amino in leaves and 
stems of two species of eucalyptus without using sample derivatization or ion-paring 
agents. We achieved satisfactory results regarding quantitative and confirmative 
parameters. The chromatographic method was developed and validated using a HILIC 
column. Freeze-dried samples were extracted using 100% water, a thoroughly green 
solvent. Nine compounds were quantified and the most abundant was glutamic acid. 
This method can easily be adapted for other species of plants. 
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Chapter 4 – Direct method for quantification of organic acids and phenolic 




 Organic acid (OA) metabolism in plants has been associated with several 
biological functions and biochemical pathways, including energy production, formation of 
precursors for amino-acid biosynthesis and modulating adaptation to the environment. 
This class of compounds accumulates in plant tissues depending upon the species, age 
of the plant and tissue type. This accumulation is associated to photosynthetic 
intermediates. Moreover, OAs participate of osmotic adjustment and the balance of 
cation excess (LÓPEZ-BUCIO et al., 2000).  
 These important compounds are mainly produced in mitochondria through the 
tricarboxylic acid or Krebs cycle and they are present only in very small pools 
preferentially stored in the vacuole. In cells, they are involved on the modification of 
cellular pH or the redox state, playing a role in the control of biochemical and 
physiological processes in vivo. Other functions such as signalling messengers and 
modulators of the transport across biological membranes are also associated with OA 
metabolism (DRINCOVICH; VOLL; MAURINO, 2016; LÓPEZ-BUCIO et al., 2000). 
 As important as OAs, phenolic compounds play an important role in growth and 
reproduction, providing protection against pathogens and predators. Moreover, they 
contribute towards the colour and sensory characteristics of fruit and vegetables. They 
are considered secondary metabolites and are derivatives of the pentose phosphate, 
shikimate and phenylpropanoid pathways in plants. Phenolic compounds are 
traditionally considered to be a source of antioxidants; however, in the human body they 
have several other important physiological properties, such as anti-allergenic, anti-
artherogenic, anti-inflammatory, anti-microbial, anti-thrombotic, cardioprotective and 
vasodilator effects (BALASUNDRAM; SUNDRAM; SAMMAN, 2006). 
 Based on their importance, many methods have been developed for 
determination of organic acids and phenolic compounds. Most of them use gas 
chromatography (GC) or high-performance liquid chromatography (HPLC) coupled to 
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UV-Vis or mass spectrometry (MS) detection. The inconvenience of UV-Vis detection is 
related to poor specificity as many compounds can have similar spectra. When MS is 
employed, most of the methods use derivatization agents, increasing the retention time 
of very polar compounds. However, this procedure can be very time consuming and the 
results may not be reproducible (RELLAN-ALVAREZ et al., 2011). 
 In this context, we proposed a direct method for determination of organic acids 
and phenolic compounds in eucalyptus samples using UHPLC-MS/MS. Extraction 
parameters were optimized in order to present the best conditions for quantification. 
 
4.2. Material and Methods 
 
4.2.1. Plant material and extraction conditions 
 
Freeze-dried leaves and stems (20 mg) of two species of eucalyptus (E. grandis 
and E. globulus) were placed in plastic tubes and extracted with 1.5 mL of water, for 15 
minutes in an ultrasonic bath. Samples were centrifuged for 10 minutes (at 13000 g) and 
supernatant was carefully collected and placed in glass vials for further analysis 
(optimization of extraction conditions is described in Chapter 7). 
 
4.2.2. UHPLC-MS/MS analysis 
 
Initially, ionization conditions for each compound were manually optimized using 
direct insertion into a TQD mass spectrometer (Micromass Waters Ltd., Manchester, 
UK), equipped with an ESI ionization source operating in negative ion mode. Table 9 
shows the optimized ion conditions for all the compounds analysed. All data were 












Cone energy (V) 
Mevalonic acid 1.12 147 > 58* 18 50 
Glucuronic acid 1.25 
193 > 73 16 
64 
193 >113* 12 
Oxaloacetic acid 1.44 
131 > 43 14 
16 
131 > 87* 8 
Malic acid 1.47 
133 > 71 14 
24 
133 > 115* 12 
Pyruvic acid 1.48 87 > 43* 8 18 
Galacturonic acid 1.24 
193 > 59* 20 
18 
193 > 89 12 
Ascorbic acid 1.66 
175 > 87 20 
18 
175 > 115* 12 
Alantoic acid 1.27 
175 > 72* 22 
16 




145 > 57 10 
14 
145 >101* 8 
Citric acid 2.28 
191 > 111 12 
20 
191 > 173* 8 
Fumaric acid 2.33 
115 > 45 18 
18 
115 > 71* 8 
Aconitic acid 2.48 
173 > 85* 12 
20 
173 > 129 8 
Succinic acid 2.98 117 > 73* 12 18 
Gallic acid 3.59 
169 > 79* 22 
34 
169 > 125 14 
Citraconic acid 4.26 
129 > 41 14 
18 
129 > 85* 10 








Cone energy (V) 
440 > 311* 20 
Salycilic acid 9.14 
137 > 65 24 
32 
137 > 93* 14 
Shikimic acid 1.67 
173 > 73 15 
30 
173 > 93* 15 
Quinic acid 1.41 
191 > 85 13 
30 
191 > 93* 15 
Chlorogenic acid 6.85 
353 > 85 14 
28 
353 > 191* 16 
Vanilin 8.06 
151 > 92* 10 
29 
151 > 108 15 
Cumaric acid 8.41 
165 > 65 12 
31 
165 > 119* 16 
Rutin 8.83 
609 > 255* 14 
33 
609 > 271 17 
Quercetin 9.18 
301 > 151* 13 
28 
301 > 179 15 
*Transitions used for quantification. 
 
Chromatographic analysis was carried out using a UHPLC Acquity (Waters, 
Milford, USA) coupled with a TQD mass spectrometer. A Waters Acquity C18 BEH 
column was employed (100 mm × 2.1 mm i.d., 1.7 µm) equipped with a VanGuard pre-
column C18 BEH (5 mm × 2.1 mm i.d., 1.7 µm) both kept at 45ºC and full loop precision 
(10.0 µL) of injection volume. Water with 0.1% (v/v) of FA (A) and methanol (B) were 
used as solvents. The gradient started with 0% B held on this condition until 1.5 min, 
ramping to 37% B in 7 min and changing to 95% B in 8 min, holding 95% B until 8.5 min 
and returning to the initial conditions for re-equilibration in 12 min, at a constant flow rate 
of 0.2 mL.min-1. Source and desolvation temperature were set to 150°C and 350°C, 
respectively. Data were acquired using Selected Reaction Monitoring (SRM). In total, 24 
compounds were monitored (17 organic acids and 7 phenolic compounds): mevalonic 
acid, glucuronic acid, oxaloacetic acid, pyruvic acid, galacturonic acid, ascorbic acid, 
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allantoic acid, α-ketoglutaric acid, citric acid, fumaric acid, aconitic acid, succinic acid, 
gallic acid, citraconic acid, folic acid, salicylic acid, shikimic acid, quinic acid, chlorogenic 
acid, vanillin, coumaric acid, rutin and quercetin. Table 7 shows optimized ionization 
conditions for all the compounds analysed. 
 
4.3. Results and Discussion 
 
4.3.1. Development and validation of organic acids and phenolic compounds 
quantification method 
 
All OAs and phenolic compounds were analysed in negative ion mode without 
derivatization. The acid character of the compounds favours the ionization in the ions in 
the negative mode. Quantification was performed based on comparisons of retention 
time and two transitions. However, for some compounds of low molecular mass 
(mevalonic acid, pyruvic acid and succinic acid), it was possible to find only one stable 
transition. Special attention was given to avoid non-specific transitions, in order not to 
report false positives. Peaks that were not fully resolved (especially during the first two 
minutes) were separated by specific transitions. We should highlight that the method 
described here does not need any derivatization step or ion-paring agents, resulting in a 






Figure 17 – Total Ion Chromatograms (TIC) for the quantification of organic acids and 
phenolic compounds. 
 
Calibration curves were built (1 to 500 ng.mL-1) and satisfactory correlation 
coefficients were achieved (R2 > 0.94) in the concentration range studied, using linear 
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Organic_acids_edited7 9: MRM of 2 Channels ES- 
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regression at 95% confidence level. Results of linearity, reproducibility (%RSD), 
accuracy, LOD and LOQ are described in the Table 10. 
 










(ng.g-1) Intra-day Inter-day 
Mevalonic acid 0.9979 23.52 22.54 72.90 8.84 25.2 
Glucuronic acid 0.9592 23.79 17.91 78.49 10.3 34.8 
Oxaloacetic 
acid 
0.9844 19.72 13.20 75.24 15.8 33.6 
Malic acid 0.9999 15.55 30.38 73.24 18.2 40.3 
Pyruvic acid 0.9964 26.70 22.99 63.84 14.5 37.4 
Galacturonic 
acid 
0.9832 27.66 27.26 65.85 10.2 35.5 
Ascorbic acid 0.9612 15.62 31.76 62.93 9.37 29.1 
Alantoic acid 0.9945 7.20 9.91 76.69 10.2 30.6 
α-ketoglutaric 
acid 
0.9526 24.31 19.99 74.89 19.7 47.4 
Citric acid 0.9416 23.26 19.50 63.87 19.4 46.5 
Fumaric acid 0.9697 12.21 18.85 78.30 11.5 30.6 
Aconitic acid 0.9650 27.81 33.24 73.91 11.5 35.7 










(ng.g-1) Intra-day Inter-day 
Gallic acid 0.9655 9.36 5.71 77.43 8.85 28.6 
Citraconic acid 0.9648	 18.42	 12.31	 77.12	 14.4	 37.6	
Folic acid 0.9842	 20.63	 27.57	 69.47	 8.12	 25.2	
Salycilic acid 0.9818	 11.67	 15.86	 79.57	 19.5	 45.9	
Shikimic acid 0.9618	 9.71	 5.87	 65.71	 9.52	 27.2	
Quinic acid 0.9847	 15.23	 18.65	 78.49	 8.78	 25.6	
Chlorogenic 
acid 
0.9562	 29.93	 25.55	 67.66	 11.9	 35.4	
Vanilin 0.9938	 10.15	 11.94	 79.65	 12.2	 31.4	
Cumaric acid 0.9582	 21.21	 24.41	 78.95	 16.9	 39.7	
Rutin 0.9585	 21.49	 25.94	 74.57	 18.7	 46.7	
Quercetin 0.9646	 8.47	 12.91	 68.46	 15.4	 36.7	
 
 
4.3.2. Quantification of organic acids and phenolic compounds in eucalyptus samples 
 
Once the method was validated in terms of the parameters described above, we 
used leaves and stems of two species of eucalyptus (E. globulus and E. grandis) to 





Figure 18 – Quantification of organic acids and phenolic compounds in leaves and 
stems of two species of eucalyptus. The values represent the mean (n=3), ± standard 
deviation. 
 
Seven compounds were quantified in eucalyptus samples. Other compounds 
were found below the limit of quantification or were not detected. The most abundant 
phenolic compound present in leaves samples was chlorogenic acid. Other researches 
have also found high levels of this compound in leaves samples of E. globulus 




 Herein we propose a direct method of quantification of organic acids and phenolic 
compounds in leaves and stems of two species of eucalyptus without using sample 
derivatization or ion-paring agents. We achieved satisfactory results regarding 
quantitative and confirmative parameters. An optimized extraction condition was 
employed to prepare the sample. 
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Chapter 5 – Optimization of the extraction conditions in samples of eucalyptus 




It is well known that a good identification and quantification of metabolites starts 
with an efficient extraction of the sample. Different solvents in different compositions 
have been exhaustively studied in order to determine the best conditions for extractions. 
It is consensus that the conditions of extraction must be optimized for each application 
(VUCKOVIC, 2012). Therefore, the extraction method should be tailored to the 
physicochemical properties and relative abundances of the specific subset of analysed 
metabolites, while excluding components not intended for analysis (ROBERTS et al., 
2012). 
Prior to extraction, metabolic conversions in tissues of plants must be avoided by 
flash-freezing samples in liquid nitrogen immediately after harvesting. Frozen samples 
should be fully homogenized into a fine powder in order to facilitate and standardize 
metabolite extraction (DE VOS et al., 2007).  
The effect of different solvents, such as methanol, ethanol and acetone, at 
different ratios of water versus organic solvent, were tested to determine the extraction 
efficiency, chromatographic behaviour and extract stability. Acidified aqueous methanol 
at a final concentration of 75% methanol (v/v) and 0.1% formic acid (v/v) was the most 
suitable solvent for efficient extraction of a wide range of compounds, mostly secondary 
metabolites, from different plant species and tissues. Its extraction efficiency using 
several phenolic compounds added to the frozen powder before extraction was also 
tested. At a solvent/sample ratio of 3 and a sonication time of 15 min, the recovery of all 
standards tested was higher than 90%. It was observed that sonication for up to 2 h did 
not significantly change the metabolite profile as compared with 15 min sonication (DE 
VOS et al., 2007).   
 Other authors, for example, suggest a two-step sample preparation for 
investigating plant material. Two distinct extraction procedures should be considered, 
the first one performed with 10% methanol for the extraction of most hydrophilic 
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components and the second one with 90% methanol for the most lipophilic compounds. 
Then, both extracts were mixed together in the ratio 1:4 to obtain a well-balanced 
fingerprint (LIU, M. et al., 2007). 
 The three most important parameters in a sample extraction are solvent 
composition, pH and temperature. Simple modifications, such as changing of 
temperature or solvent composition may dramatically affect extraction yield (SER et al., 
2015). In this context, we propose an optimization of extraction condition on leaves and 
stems of two species of eucalyptus (E. globulus and E. grandis), by using a 23 full 
factorial design plan. The extraction process was optimized in terms of the abundance of 
metabolites determined by different analytical methods. The content of free amino acids, 
sugars, organic acids and phenolic compounds were individually used to build a 
mathematical model. 
 
5.2. Material and Methods 
 
5.2.1. Plant material 
 
 Leaves and stems of two species of eucalyptus (E. globulus and E. grandis) were 
harvested and immediately frozen with liquid nitrogen, preventing degradation of 
metabolites by enzymatic reactions. Frozen samples were ground using mortar and 
pestle and consequently lyophilized. Extraction was performed according the conditions 
described by factorial design (Table 12). 
 
5.2.2. UHPLC-MS/MS analysis 
 
 As response for the factorial design, we used the sum of peak areas of all 
detected compounds in the methods previously developed (amino acids, sugars, organic 
acids and phenolic compounds). Analysis was carried out using a chromatographer 
UHPLC Acquity (Waters, Milford, USA) coupled with a TQD mass spectrometer 
(Micromass Waters Ltd., Manchester, UK). In total, the peak are of 55 compounds (22 
AAs, 9 sugars and 24 OAs and PCs) were evaluated. 
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5.2.3. Mathematical treatment 
 
 To investigate the effect of extraction conditions on metabolite content, a two-
level, 23 full factorial design with triplicate of central point, using solvent composition 
(X1), pH (X2) and temperature (X3) as variables was employed. Each independent 
variable had 2 levels and was coded as -1 and 1 (or 0 in case of central point). Table 11 
summarizes the variables and levels. 
 
Table 11 – Coded and natural variables of the 23 factorial design. 
Levels X1 = Solvent X2 = pH X3 = Temperature 
Low level (-1) 100% water 0.1% (v/v) FA 5ºC 
Basic level (0) 50:50 water:methanol (v/v) Neutral 25ºC 
High level (+1) 100% methanol 0.1% (v/v) NH4OH 45ºC 
 
Table 12 – Matrix of experiments of the 23 factorial design. 
Run Solvent pH Temperature Answers 
1 -1 -1 -1 
Sum of the peak areas for 
each compound detected in 
the following analytical 
method: amino acids, 
sugars, organic acids and 
phenolic compounds 
2 1 -1 -1 
3 -1 1 -1 
4 1 1 -1 
5 -1 -1 1 
6 1 -1 1 
7 -1 1 1 
8 1 1 1 
9 0 0 0 
10 0 0 0 





The eleven runs described by the matrix of experiment were carried out by 
randomization. A first-degree model to express the responses as function of all three 
factors and their interactions was employed. Design Expert (V. 10) was applied for 
performing the experimental design and the data analysis. 
 
5.3. Results and Discussion 
 
5.3.1. Optimization of extraction condition of free amino acids 
 
 Leaves and stems of eucalyptus were extracted and their free amino acid content 
were analysed by UHPLC-MS/MS. Sum of all peak areas was used to build the 
interaction model. For all the samples, a significant effect of solvent was observed. A 
significant interaction effect of solvent and pH was observed only for leaves of E. 







Figure 19 – Surface response for optimization of amino acid extraction using leaves of 
E. grandis (A) and E. globulus (B); stems of E. grandis (C) and E. globulus (D). In detail 
(left bottom corner), Pareto chart with significant variables. 
 
 To assess the goodness of fit of the empirical model and confirm that the model 
was well suited by the factorial experiment, analysis of variance (ANOVA) at 95% 
confidence level (p < 0.05) was conducted. Results showed an adequately high degree 
of correlation between experimental and predicted values. Based on the Pareto chart, it 
is possible to observe the main effect of solvent and interaction effects (solvent + pH, for 
leaves of E. grandis). This plot is used to compare the relative importance of effects and 
also decide the ranking of factors. The influence of solvent composition is significant for 
the response. For leaves, the best solvent employed for extraction of free amino acids 
was 100% of water. For E. grandis, we observe that extraction is favoured when 0.1% 
(v/v) of NH4OH is used. For stems, the solvent composition was also significant. 
However, 100% of methanol favours the extraction of AA in E. grandis. The opposite 
effect was observed for E. globulus, which is better extracted with 100% water. This 
result suggests that solvent composition should be optimized prior to extraction. 
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5.3.2. Optimization of extraction conditions of sugars 
 
 Similarly, extraction conditions of sugars were optimized for leaves and stems of 
two species of Eucalyptus. For all the samples, a significant effect of solvent was 
observed. Since the surface response plot is very similar for all the samples, only as an 





Figure 20 – Surface response for optimization of sugars extraction using leaves (A) and 
stems (B) of E. globulus. In detail (left bottom corner), Pareto chart with significant 
variables. 
 
 We observed the exact same effect for leaves and stems of E. grandis (data not 
shown). Based on observations of the Pareto chart, we noticed a clear significant effect 
of solvent composition. Sugars were better extracted using 100% methanol. No 
significant effects of pH or temperature were noticed, indicating these parameters do not 
affect extraction conditions on the range analysed. 
 
5.3.3. Optimization of extraction conditions of organic acids and phenolic compounds 
 
 Finally, extraction conditions of organic acids and phenolic compounds were 
optimized for leaves and stems of two species of Eucalyptus. For all the samples, a 
significant effect of solvent was observed. Since the surface response plot was very 
similar for all the samples, the results for leaves and stems of E. globulus is shown only 




Figure 21 – Surface response for optimization of organic acids (OA) and phenolic 
compounds (PCs) extraction using leaves (A) and stems (B) of E. globulus. In detail (left 
bottom corner), Pareto chart with significant variables. 
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We observed a similar effect for leaves and stems of E. grandis (data not shown). 
Based on observations of the Pareto chart, we noticed a clear significant effect of 
solvent composition. Organic acids and phenolic compounds were better extracted using 
100% water. No significant effects of pH or temperature were noticed, indicating these 




 A 23 full factorial design was employed to optimize the extraction conditions in 
freeze-dried leaves and stems of two species of eucalyptus. Three parameters were 
investigated: solvent composition, pH and temperature. For all the samples, the main (or 
only) significant effect observed was the solvent composition. AAs, OAs and PCs, 
showed better extraction efficiency using 100% water. On the other hand, sugars were 






Metabolomics is considered the best approach to represent a phenotype, once 
unlike other “omics”; it can directly reflect the underlying biochemical activity and state of 
cells and/or tissues. For this reason, herein we employed the state-of-art instruments to 
chemically characterize the metabolome of eucalyptus using both untargeted and 
targeted metabolomics. 
As the initial step, untargeted metabolomics was addressed to putatively identify 
polar (GC-TOF MS) and semi-polar compounds (LC-Orbitrap MS) in leaves of three 
eucalyptus species (E. grandis, E. dunni and E. pelitta). These species have 
distinguished climate preferences and were subjected to different temperature 
treatments (10, 20 and 30ºC). Our findings suggest they have both similarities and 
differences in their leaf phytochemical composition and respond similarly at different 
temperature regimes. This fact might be related to the short temperature treatment (7 
days), where plants would respond in a similar way as result of acclimation process. 
Phenolic compounds and sugars were among the most temperature-responsive 
metabolites for all three species. It is known that metabolites from primary metabolism 
can act as signal molecules.  
In this scenario, sugars play an important role, since they are fundamental source 
of energy and their accumulation in plants might be related to growth and self-protection 
mechanism. Amino acid accumulation might be related to increased production of 
secondary metabolites as part of a defence response against pathogens during 
temperature stress. Phenolic compounds and organic acids are also related as 
precursor of several important compounds produced by the secondary metabolism in 
plants. 
Once we had insights about the compounds commonly found and how these 
species behave under different temperature conditions, we developed analytical 
methods to quantify different classes of compounds. For this, we employed targeted 
metabolomics (UHPLC-MS/MS) using both SRM and SIR. These methods aimed to 
quantify specific compounds of primary and secondary metabolism. Amino acids, 
sugars, organic acids and phenolic compounds were evaluated for two species of 
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eucalyptus (E. grandis and E. globulus) in extracts of leaves and stems. For most of the 
compounds their content in leaves and stems are equivalently comparable, suggesting a 
dynamic kinetic equilibrium between these two parts. 
A method to evaluate signalling hormones such as abscisic acid and its 
metabolites was also developed and validated. Alterations of hormonal levels are usually 
related to stress responses in plants.  
Stem structure was also appraised by the development of a specific method that 
determines the S/G ratio in lignin. Based on this method it is possible to directly compare 
the ratio of all the monomers present in lignin. This allows us to evaluate structural 
properties of stems. 
As an overall finding, we observe that the most abundant compounds quantified 
by targeted methods were also identified by untargeted approach and are relatively 
common to all the studied species. In this context, we verified that untargeted 
metabolomics could be used as first compound screening method, and once significant 
differences were observed among samples, a targeted approach focussing on these 
specific changes may be carried out. This work strategy may reduce costs and time of 
compound evaluation in unknown samples, once only pre-identified compounds are 
further taken into account. 
All the methods developed herein are suitable not only for eucalyptus but for 
plants in general, since they were built with a concept of large applicability in mind. All 
the extraction conditions were optimized using ordinary solvents and instruments, being 
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